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ABSTRACT 
 
 
 Increasing concentrations of atmospheric CO2 are in dynamic equilibrium with the 
oceans. The absorption of CO2 by seawater causes a decrease in seawater pH and calcite 
saturation state (Ωc). This process, termed ocean acidification, exerts deleterious effects on 
marine calcifiers. Studies of symbiont-bearing large benthic foraminifera (LBF) have reported a 
generally unfavorable response to increased concentrations of carbon dioxide ([CO2]). 
 Experiments and analyses were undertaken to examine the effect of increased [CO2] on 
the growth rate, ultrastructure, stable isotopes of carbon and oxygen, as well as Mg/Ca of the 
high-Mg miliolid Archaias angulatus and the low-Mg rotalid Amphistegina gibbosa. A CO2-
injection culture study was performed at pH 8.0, 7.8 and 7.6, corresponding to CO2 
concentrations of approximately 400 ppm, 800 ppm, and 1,300 ppm. After 2, 4, or 6 weeks of 
treatment, bags containing groups of approximately 20 previously-imaged live specimens were 
removed and prepared for the aforementioned analyses. 
 Archaias angulatus responded to increased [CO2] by reducing test growth rate at 1,300 
ppm CO2 (pH 7.6) by 50% (p < 0.01, r
2
 = 36%), increasing its pore area (F(2,3477) = 103.37, 
p<0.001), as well as recording increased δ18O values (F(2,40) = 3.21, p = 0.51) and Mg/Ca ratios 
(t(17) = 2.17, p = 0.04). Amphistegina gibbosa responded by increasing the test growth rate at 800 
ppm CO2 (pH 7.8) and decreasing test growth slightly at 1,300 ppm CO2 (pH 7.6) (F(3,281) = 9.07, 
p < 0.001, r
2
 = 72.4%). There was no significant impact on isotopic or Mg/Ca composition of the 
 x 
 
test measured. Individuals with higher test growth rates also contained increased amounts of 
organic material. 
 West Florida shelf LBF carbonate production attributed to LBF was estimated by 
combining interpolations of Ωcalcite at three treatment levels, corresponding to pH 8.1 (400 ppm 
CO2), pH 7.8 (800 ppm CO2), and pH 7.6 (1,300 ppm CO2), with a map of the carbonate fraction 
of seafloor sediment. Growth rates for 10 species were estimated in a meta-analysis of culture 
studies; these rates were used to model the response of miliolids and rotalids to increased [CO2]. 
 In the model, rotalids responded to higher CO2 concentrations by reducing their average 
adult size by 20% at 800 ppm CO2 and 40% at 1,300 ppm CO2. Miliolids responded by reducing 
their average adult size by 40% at 800 ppm CO2 and 75% at 1,300 ppm CO2. Modeled LBF 
carbonate production for the west Florida shelf is 7 Mt at 400 ppm, 4.8 Mt at 800 ppm, and 2.5 
Mt at 1,300 ppm. In a high CO2 world, low-Mg rotalids exhibit modest reductions in test growth 
rates and carbonate production, whereas high-Mg miliolids exhibit major reductions in test 
growth rates and carbonate production. 
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CHAPTER ONE: 
 
INTRODUCTION 
 
 
Ocean Acidification 
To maintain a state of equilibrium, when the quantity of atmospheric carbon dioxide 
(CO2) increased, one of the feedbacks is its absorption by seawater. As this process results in 
changes in oceanic carbonate chemistry and an accompanying reduction in pH, it is referred to as 
ocean acidification, (Caldeira & Wickett, 2003; Doney et al., 2009). Atmospheric CO2 has 
increased from a pre-industrial concentration of 280 ppm to a current concentration of ~400 ppm 
(Keeling et al., 2013). The Intergovernmental Panel on Climate Change (IPCC) RCP8.5 
emission-driven simulation projects that by 2100 atmospheric CO2 may reach a concentration of 
985 ± 97 ppm (IPCC, 2013). A CO2 concentration of 800 ppm, below the RCP8.5 prediction for 
2100, will result in a seawater pH of 7.8 and Ωc of 3.3. 
The surface ocean contains over 40 times more CO2 than the atmosphere and acts both as 
a buffer and conduit to deeper water for atmospheric carbon (Broecker et al., 1982; Watson & 
Orr, 2003). The oceans partially mitigate the impact of CO2 emissions by short-term carbonate 
buffering in surface waters, intermediate-term storage in deeper water, and long-term deposition 
in calcareous sediments. Atmospheric CO2 rapidly equilibrates with seawater and dissociates to 
form H2CO3, HCO3
–
, and CO3
2–
 (Fig. 1.1). This process results in increased concentrations of 
dissolved inorganic carbon (CT) with no change in total alkalinity (AT) (Butler, 1991). As the 
oceanic CO2 reservoir absorbs increased quantities of atmospheric CO2, there are concomitant 
 2 
increases in H2CO3, decreases in pH, increases in the [HCO3
–
]/[CO3
2–
] ratio, and a reduction of 
saturation state (Ω) with respect to carbonate minerals (Fig. 1.2) (Broecker et al., 1971; Feely et 
al., 2009). At a pH of 8.0, 90% of CT is in the form of HCO3
–
 and 10% is present as CO3
2–
; at pH 
7.6, 96% is HCO3
–
 and 4% is CO3
2–
. 
 
 
Figure 1.1. Simplified model of the seawater carbonate system. Adapted from Kleypas & 
Langdon (2006). 
 
As a consequence of ocean acidification, open-ocean pH values have decreased since the 
pre-industrial era from 8.2 to approximately 8.1 in 2014 and are predicted to decrease another 0.3 
to 0.5 during the next 80 years (Cicerone et al., 2004; Orr et al., 2005). A model by Caldeira & 
 3 
Wickett (2003), which posits the consumption of all remaining fossil-fuel resources (5,270 GtC) 
by 2300 A.D., projects atmospheric CO2 concentration of 1,900 ppm and an accompanying 
decrease of surface ocean pH to 7.5. These changes, both measured and projected, have 
potentially significant biotic effects as ocean acidification hinders calcification and biogenic 
carbonate sediment production, leading to substantial changes in marine ecosystems (Guinotte & 
Fabry, 2008). 
 
 
Figure 1.2. Seawater carbonate buffer system. Adapted from Pilson (1998). Depicts 
concentrations of the carbonate buffering system by pH. 
 
Increased CO2 concentration and concomitant decreases of pH will reduce the calcite 
saturation state (Ωcalcite) of surface seawater, as depicted in Figure 1.3 (Orr et al, 2005; Fabry et 
al., 2008). Calcite saturation state is the degree to which a solution is under-saturated or super-
saturated with respect to calcite. The Ωcalcite is calculated by dividing the ion activity product by 
the solubility product (Pilson, 1998; Kleypas et al., 2005):  
  Ωcalcite = ([Ca
2+][CO3
2–])/Kspcalcite (1) 
 4 
Because Ωcalcite describes the thermodynamic potential of calcium and carbonate ions to 
precipitate and dissolve (Pilson, 1998), it has been used to estimate the response of calcifiers to 
ocean acidification (Bijma et al., 2002). Values greater than 1, equal to 1, and less than 1 indicate 
super-saturation, saturation, and under-saturation with respect to calcite, respectively (Broecker, 
1974; Butler, 1991). Thus, Ωcalcite of the water is a useful index because calcification rates of 
some organisms decrease as the degree of super-saturation decreases (e.g., Kleypas et al., 2005; 
Ries et al., 2009). Recent values for Ωcalcite range from 5–6 in tropical regions, to 1–2 in polar 
regions (Feely et al., 2009). Measurements from 2010 and 2011 indicate that approximately 20% 
of Arctic Ocean (Canadian Basin) surface waters are already undersaturated with respect to 
aragonite (Robbins et al., 2013). 
 
 
Figure 1.3. Relationship of Ωcalcite to CO2. Calculated using CO2SYS.xls (Pierrot et al., 2006) 
with input parameters of T = 25°C, S = 36.4 PSU (mean S for WFS study region), and AT = 
2325. 
 5 
Impact of Ocean Acidification on Marine Calcifiers 
Research has shown that ocean acidification will have deleterious effects on many 
calcifying organisms (reviewed in Fabry et al., 2008; Kroeker et al., 2010; Kroeker et al., 2013) 
including planktonic foraminifers (Gonzalez-Mora et al., 2008; Moy et al., 2009; Manno et al., 
2012), benthic foraminifers (Kuroyanagi et al., 2009; Dias et al., 2010; Fujita et al., 2011; Vogel 
& Uthicke, 2012; McIntyre-Wressing et al., 2013), pteropods (McNeil & Matear, 2008; Comeau 
et al., 2010), bivalves (Cummings et al., 2011; Gazeau et al., 2013), gastropods (Bibby et al., 
2007; Parker et al., 2013), and echinoids (Dupont et al., 2012; Courtney et al., 2013). However, 
in laboratory experiments some taxa (e.g., Emiliani huxleyi, Amphiura filiformis, Baculogypsina 
sphaerulata) have reacted to increased CO2 partial pressures by increased rates of calcification, 
photosynthesis, and regeneration (Iglesias-Rodriguez et al., 2008; Wood et al., 2008; Fujita et al., 
2011). 
Deleterious effects including lower calcification rates, lower fertilization success, lower 
developmental rates, and decreased larval size (summarized in Kroeker et al., 2013) may reduce 
the fitness of calcifiers and consequently result in decreased abundances and lower species 
richness (Bambach, 1983) through ecological replacement by non-carbonate producers (Kuffner 
et al., 2008; Busch et al., 2013; Fabricius et al., 2014). Previous studies on the response of 
calcareous benthic foraminifers to ocean acidification have found that as the Ω decreases, growth 
rates and test preservation are adversely affected, as summarized in Chapter 5, although the 
response is not uniform (Bernhard et al., 2009; Kuroyanagi et al., 2009; Dias et al., 2010; Dissard 
et al. 2010; Fujita et al., 2011; Haynert et al., 2011; McIntyre-Wressnig et al., 2013). 
Therefore, the potential exists that reduced calcification rates and lower abundances will 
reduce the contributions of calcifiers to the carbon budget and reduce marine carbonate 
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sedimentation (Muller, 1974; Milliman, 1993). Physical and chemical methods of quantifying 
carbonate production (e.g., amount of organic and inorganic carbon fixed in the shell, shell 
weights, growth rates, ultrastructural changes) have been used to estimate the response of 
biocalcifiers to changing CO2 concentration (Langdon et al., 2000; Barker & Elderfield, 2002; 
Ries et al., 2009). The biocalcification rates of individual taxa can be used to model regional 
rates of carbonate sediment production (Hallock et al., 1986b).  
 
Large Benthic Foraminifera  
 In this study, two different species of large benthic Foraminifera (LBF) were investigated 
to determine the potential impact of oceanic acidification on these calcifiers. LBF are protists 
ranging from 0.1-6.0 cm in diameter that host endosymbionts (Lee, 2004). The first fossilized 
members of the Foraminifera appeared in the Cambrian as single-chambered agglutinated 
benthic forms (Buzas et al., 1987). The first larger forms, the fusulinids, appeared during the 
Carboniferous (BouDagher-Fadel, 2008). Over 2,000 species of benthic Foraminifera are 
currently extant, the majority of which (~1700 species) occupy marginal marine and shelf 
environments (Murray, 2007). LBF are prolific producers of carbonate sediments (Langer et al., 
1997; Debenay et al., 1999) and can be used to assess the ecological and the paleoecologic states 
of benthic near-shore environments (Hallock & Glenn, 1986) Murray, 1991; Cockey et al., 1996; 
Ebrahim, 2000; Hallock, 2000; Hallock et al., 2003). 
In Florida, two common, sediment-producing orders of Foraminifera are the Rotaliida 
and Miliolida (Poag, 1981; Lidz & Rose, 1989). Rotalids, such as Amphistegina gibbosa (Fig. 
1.4), a member of the superfamily Asterigerinacea, are characterized by low-Mg calcite, hyaline 
tests with perforate, bilamellar walls. They first arose in the Triassic; both the Amphisteginidae  
 7 
 
Figure 1.4. SEM image of Amphistegina gibbosa. 
 
 
Figure 1.5. SEM image of Archaias angulatus. Insert showing pseudopores is 100 μm wide. 
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and Amphistegina first appear in the Eocene (BouDagher-Fadel, 2008). Miliolids, such as 
Archaias angulatus (Figure 1.5), a member of superfamily Soritacea, construct their imperforate 
porcelaneous tests with high-Mg calcite (Sen Gupta, 1999). The group is first recorded in the 
Carboniferous, followed by the Soritidae in the Late Cretaceous, and Archaias in the Middle 
Eocene (BouDagher-Fadel, 2008). The Eocene was characterized by 20–30 °C water 
temperatures and atmospheric [CO2] greater than 1125 ppm (Lowenstein, 2006). 
To better constrain their broader impact on carbonate productivity, the impact of 
changing marine pH was investigated across the west Florida shelf (WFS). This feature can be 
subdivided into three distinct regions (Fig. 1.6); the Big Bend Coast, the West-Central Shelf, and 
the Florida Keys Carbonate Zone. There is a general trend of an increasing fraction of carbonate 
sediment from the sediment-starved northern portion of the shelf to the coral reef environments 
of the south (Hine et al., 2003). Different abundances and associations of LBF, particularly low-
Mg calcite rotalids and high-Mg calcite miliolids, have been found in each region (Poag, 1981). 
 
 9 
 
Figure 1.6. The west Florida shelf. The northern Big Bend Coast, central West Central Shelf, 
and southern Florida Keys regions are delineated by dashed red line. 
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CHAPTER TWO: 
 
LABORATORY METHODS 
 
 
Introduction 
 This chapter describes laboratory methods common to Chapter 3 and Chapter 4. 
Statistical analyses and non-laboratory methods are described separately in the pertinent 
chapters.  
 
Specimen Collection and Preparation 
Archaias angulatus 
Samples of Archaias angulatus (experiments described in Chapter 3) were collected in 
the daytime while snorkeling at the Keys Marine Lab’s (KML) Dolphin Cove (Fig. 2.1, Layton, 
Florida, 24.8268°, –80.8144°) in water approximately 1.5 m deep in May 2010 (Tseawater = 
28.6°C; S = 36.9; AT = 2157 μmol kg
–1
SW), and March 2011 (Tseawater = 22.5°C; S = 35.1; AT = 
2239 μmol kg–1SW). Clumps of brown algae containing A. angulatus were gathered into seawater-
filled 2 L plastic bags. The bags were sealed and agitated vigorously to dislodge A. angulatus 
specimens from the algae, which was then discarded. Next, the seawater containing the dislodged 
A. angulatus was filtered through a 63 μm sieve in the KML wet lab. The foraminiferal residue 
was then stored in 500 mL plastic jars containing 1 to 2 cm of the sieved sediment and fresh 
local seawater. The jars were placed in a cooler and transported to the University of South 
Florida (USF) College of Marine Science (CMS) Reef Indicators Lab in Saint Petersburg,  
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Figure 2.1. Sampling locations (yellow circles) in southern Florida. 
 
Florida, on the same day. These methods are consistent with previously described collection 
methods (e.g., Cottey & Hallock, 1988). 
Seawater temperature, salinity, and pH were measured at KML with a calibrated Oakton 
water analyzer (NIST-scale); a water sample from each sampling date was analyzed for total 
alkalinity (AT) at the United States Geological Survey (USGS), St. Petersburg Coastal and 
Marine Science Center in Saint Petersburg following the methods of Yao & Byrne (1998). 
Approximately 250 L of seawater and 75 kg of sediment from the KML lagoon was collected for 
use in the pH = 7.8 experiments. Local filtered seawater (AT = 2257 μmol kg
–1
SW) from 
Clearwater Beach, Florida, was used in the second set (pH = 7.6) of experiments. Random 
containers of sediment and associated specimens were emptied into a 10 L aerated holding tank 
and placed in an environmental chamber. Extra 500 mL plastic jars containing sediment and 
specimens were also placed in the environmental chamber. Water in the aerated holding tank was 
changed with fresh KML seawater each week. Containers of seawater were stored in a dark 
cabinet. 
 12 
Preparation of specimens was performed at CMS by initially producing a series of 
sediment subsamples removed from the holding tank and placed in a large Petri dish. The 
sediment was examined under a binocular microscope; specimens of Archaias angulatus were 
gently removed from the sediment with a fine brush and sequentially placed in seven seawater-
filled Petri dishes until 20 individuals were in each dish. Individuals with green tests, an 
indication of healthy living specimens, were selected. The contents of each dish were then 
transferred to a microscope slide, digitally photographed, and transferred into a 25 mm x 25 mm 
bag made of 20 μm mesh netting. Two segments cut from specimens of live Halimeda spp. were 
added to each bag for food. 
The mesh bags were heat-sealed, transported to USGS in a jar of seawater, and then 
randomly placed in one of the six experimental tanks (described below). A 10-cm length of 
monofilament line attached to a stainless steel weight was attached to each mesh bag to ensure 
continuous submersion. These bagged replicates were placed near the center of each tank away 
from the aerator. When present, air bubbles were gently dislodged from the bags. Every seventh 
replicate was immersed in deionized (DI) water for 15 minutes, air-dried, and archived as a 
reference set.  
 
Amphistegina gibbosa 
Samples of Amphistegina gibbosa (experiments described in Chapter 4) were gathered in 
the daytime while diving at Tennessee Reef (Fig. 2.1, 24.7707°, –80.7597°) in water 
approximately 10 m deep in May 2010 (Tseawater = 28.0°C), and March 2011 (Tseawater(estimated) = 
25.0°C). Several pieces of 5 to 10 cm diameter rubble were gathered in resealable plastic bags 
and brought to the surface. The bags were transported to the KML wet lab where the rubble was 
 13 
scrubbed to dislodge Foraminifera, algae, and sediments. This concentrated residue was stored in 
500 mL plastic jars supplemented with fresh, local seawater. The jars were placed in a cooler and 
transported to the USF CMS Reef Indicators Lab in Saint Petersburg, Florida, and placed in an 
environmental chamber (T = 25.0°C) on a 12-hour light/dark schedule on the same day. 
A sediment subsample was removed from a plastic jar and placed in a Petri dish. This 
subsample was examined with a microscope; specimens of A. gibbosa were gently removed from 
sediment with a fine brush and randomly placed in seven seawater-filled Petri dishes until 20 
individuals were in each dish. Only golden-brown individuals, an indication of healthy 
specimens (Hallock et al., 2006), were selected. Additional sediment subsamples from different 
jars were examined as necessary until a sufficient number of specimens (i.e., 140) were selected. 
These methods are consistent with long-established collection methods (e.g., Hallock et al., 
1986a). 
The contents of each dish were then transferred to a microscope slide, digitally 
photographed, and transferred into a 25 mm x 25 mm bag constructed of 20 μm mesh netting, 
one bag per slide. A segment from a live Halimeda spp. and a piece of algal-crusted debris was 
added to each bag for food. The mesh bags were heat-sealed and randomly placed in the six 
tanks used in the experiment (described below). To ensure submersion, bags were attached to a 
stainless steel weight with monofilament line. Bagged replicates were placed away from the 
aerator near the center of each tank. After each set of bags was sealed, every seventh replicate 
was immersed in deionized (DI) water for 15 minutes, air-dried, and archived for reference. 
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Culture Tanks and Water 
The six 38 L 51 cm x 27 cm x 52 cm glass tanks were prepared by washing with a 
phosphate-free detergent, triple-rinsing with DI water, rinsing the interior for 5 minutes with 1 M 
HCl, and again triple-rinsing with DI water. Carbonate sediment gathered at KML was sieved to 
2 mm. The coarse fraction was retained and spread out to dry. The sediment was autoclaved for 
15 minutes and triple-rinsed with DI water to remove residual organic particles. A 2-3 cm layer 
of this coarse fraction was then evenly spread in each tank. Approximately 20 L of KML 
seawater was added to each tank. A peristaltic pump was used to transfer seawater from the 
storage container through a 0.45 μm filter and into the tank. Initial water level was marked on 
each tank. A submersible aerator (Hydor Ario-2), which drew air from the tank’s headspace by 
means of a silicone tube, was installed near the center of each tank. 
Clear, 1-cm-thick acrylic glass lids were constructed for each tank. A circular 3 cm port 
was cut into the center of each lid and the edges were lined with rubber sealing tape. Cables and 
tubes were routed through this port, which was sealed with Parafilm. The lids were not 
completely air-tight. Fluorescent light fixtures were placed approximately 15 cm above the tank. 
The fixtures each contained a 32 W bulb (Florasun 5000K T-8) and a 40 W bulb (Floraglo 
2800K T-8). Light intensity was measured periodically with a light meter (Fisher Scientific) and 
fixture position was adjusted to ensure uniform irradiance. The lights were controlled by a digital 
timer and were on from 0700 to 1900 each day. The location of the tanks near a shaded window 
caused them to receive uniform amounts of additional afternoon sunlight. Mean mid-day 
(~13:00) light intensity was 1556 lx (σ = 534) for the pH 7.8 treatment and 1097 lx (σ = 199) for 
the pH 7.6 treatment; there was no significant difference in the average light levels of individual 
 15 
tanks. These light levels were over an order of magnitude below the 35,000 lx threshold for 
photoinhibition (Walker et al., 2011). 
A separate CO2 injection apparatus was constructed for each of the three experimental 
treatment tanks. Calibrated temperature probes (0.05 °C accuracy) and laboratory-grade sealed 
Ag/AgCl pH probes (0.01 accuracy) were mounted on the tank wall near the ends of these 
treatment tanks and connected to AquaController pH controllers. The pH probes were calibrated 
each week relative to a freshly aerated sample of KML water, the total hydrogen ion scale pH 
(pHT) (Pilson, 1998) of which was determined spectrophotometrically following the methods of 
Clayton & Byrne (1993). 
To maintain Ca
2+
 concentrations, approximately 10% of the water in each tank (2 L) was 
discarded every one to two weeks and replaced with filtered seawater from a container that had 
been opened to laboratory air for at least 12 hours. After each water change, 1 mL of commercial 
trace-element solution (Seachem Reef Trace) and 0.5 ml of iron solution (Seachem Flourish Iron, 
1%) was added to each tank to maintain trace-element concentrations. 
Following the guidelines presented by Riebesell et al. (2010), a target AT value of 2325 μmol kg
–
1
SW was used. The CO2SYS program (Pierrot et al., 2006) was used to calculate the values for 
the carbonate system (Table 2.1) using the observed salinity, temperature, and pHT in 
conjunction with the target AT. Temperature, salinity, pHT, and AT of seawater in each tank 
(Figs. 2.2 and 2.3) were measured and adjusted one to two times weekly using the following 
methods. 
First, temperature was measured with a digital thermometer (0.01 °C accuracy) and 
salinity was measured with a conductivity meter (YSI conductivity cell, K = 1.0, 0.1 PSU 
accuracy). Next, AT was measured using an open-cell titration with an Ocean Optics  
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Table 2.1. Mean carbonate system parameters pertinent to the experiment. Input parameters for 
recent seawater (2013) were based on values reported by Gattuso & Lavigne (2009) and Keeling 
et al. (2013). Input parameters were temperature, salinity, total alkalinity (AT), and total scale pH 
(pHT). Values (n = 62) were calculated using CO2SYS (Lewis & Wallace, 1998). Temperature 
(T) is in °C, salinity (S) is in practical salinity units (PSU), partial pressure of CO2 in the 
atmosphere (pCO2air) is in parts per million (ppm), partial pressure of CO2 in seawater (pCO2sw) 
is in microatmospheres (μatm), [H+] is given in 10–9 mol kg–1, AT, dissolved inorganic carbon 
(DIC), [CO2], [HCO3
–
], and [CO3
2–] are given in μmol kg–1SW, and Ωc is the saturation state of 
calcite.  
 
 
T 
(°C) 
S 
(PSU) 
pCO2air 
(ppm) 
pCO2sw 
(μatm) 
pHT [H
+] 
nmol 
kg–1 
AT 
μmol 
kg–1SW 
 
DIC 
μmol 
kg–1SW 
[CO2] 
μmol 
kg–1SW 
[HCO3
–] 
μmol 
kg–1SW 
[CO3
2–] 
μmol 
kg–1SW 
Ωc 
2013 
 
18.9 34.9 400.5 392.0 8.06 8.71 2325.0 2068.3 13.1 1870.7 184.6 4.4 
8.0 control for 7.8 
 
25.1 36.0 507.4 491.8 7.97 10.7 2325.0 2058.1 13.8 1852.0 192.3 4.6 
7.8 treatment 
 
25.1 36.0 825.1 799.7 7.79 16.2 2325.0 2148.7 22.5 1989.7 136.5 3.6 
8.0 control for 7.6 
 
23.9 32.0 483.7 469.8 8.00 10.0 2325.0 2078.8 13.9 1882.4 182.5 4.5 
7.6 treatment 
 
23.9 32.0 1338.6 1300.1 7.61 24.5 2325.0 2244.3 38.4 2122.0 83.8 2.1 
 
 
 
 
Figure 2.2. Mean carbonate system parameters for pH 7.6 experiment. Binned by treatment 
tanks (1) and control tanks (0). Values shown are temperature, salinity, total alkalinity, pH, and 
the calculated saturation state of calcite (Ωc). Temperature (T) is in °C, salinity (S) is in practical 
salinity units (PSU), pH is Total scale (pHT), total alkalinity (AT) is given in μmol kg
–1
SW, and Ωc 
is the saturation state of calcite. 
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Figure 2.3. Mean carbonate system parameters for pH 7.8 experiment. Binned by treatment 
tanks (1) and control tanks (0). Values shown are temperature, salinity, total alkalinity, pH, and 
the calculated saturation state of calcite (Ωc). Temperature (T) is in °C, salinity (S) is in practical 
salinity units (PSU), pH is Total scale (pHT), total alkalinity (AT) is given in μmol kg
–1
SW, and Ωc 
is the saturation state of calcite. 
 
USB4000-UV-VIS fiber optic spectrophotometer and bromocresol purple indicator (Yao & 
Byrne, 1998). Calibration of AT was performed periodically using Dickson certified reference 
materials (Dickson et al., 2003). Next, the pHT of each tank was measured with an Ocean Optics  
USB4000-UV-VIS fiber optic spectrophotometer and thymol blue indicator following 
established methods (Clayton & Byrne, 1993; Dickson et al., 2007). 
When necessary, reagent-grade NaHCO3(s) was diluted with 50 ml of KML water and 
added to each tank to increase AT values back to the target value of 2325 μmol kg
−1
SW. A second 
measurement of AT was made 10 minutes after the end of the CO2 injection cycle following 
addition of NaHCO3, at which time additional dilutions or additions were made as necessary. 
Previous trials with the experiment’s tank set-up determined that the addition of 100 μg of 
NaHCO3 increased AT by approximately 80 μmol kg
–1
SW. 
 18 
Mean AT in the pH 7.8 experiment before periodic NaHCO3 addition was 
2146 μmol∙kg-1SW (σ = 200, n = 138); after addition it was 2305 μmol kg
–1
SW (σ = 62). Mean AT 
in the pH 7.6 tanks before NaHCO3 addition was 2241 μmol kg
–1
SW (σ = 71, n = 66); after 
addition it was 2308 μmol kg–1SW (σ = 25). A Kruskal-Wallis testing found no significant 
difference (H23 = 7.31, p = 0.2) between the AT of the six tanks before or after NaHCO3 addition. 
 
Overview of Experimental Setup 
The culturing apparatus consisted of six, clear glass, 38 L tanks filled with approximately 
20 liters of seawater, a 2 to 3 cm thick aragonitic sand-sized sediment substrate, a 72 W light 
fixture, a transparent plastic lid, an aerator, and an automated pH-controlled CO2-injection 
apparatus (Fig. 2.4). Tank alkalinity (AT) was maintained at a target value of 2325 μmol kg
−1
SW 
as detailed above. The tanks were numbered sequentially from 1 to 6. Tanks 1, 3, and 5 were the 
experimental treatment tanks; tanks 2, 4, and 6 were the control tanks. 
Because the pH 7.8 and pH 7.6 trials were run separately (i.e., tanks 1, 3, and 5 were used 
in a 6-week trial for pH 7.8 and in a second 6-week trial for pH 7.6), there was a set of three 
control tanks (i.e., tanks 2, 4, and 6) for each trial-run (i.e., pH 7.8 and pH 7.6). Control tanks 
were maintained following the same methods as the treatment tanks, as previously described 
(e.g., AT target level 2325 μmol kg
−1
SW, ambient temperature (~25°C), 12-hr light-dark cycle), 
with the exception of pH, which was dictated by ambient laboratory pCO2air (i.e., 400 ppm), 
resulting in a control tank pH of 8.0 (σ = 0.05). 
Details of tank chemistry for each treatment are provided in Table 2.1. Laboratory air was 
measured six times, and CO2 concentration ranged between 390 and 410 ppm. Laboratory 
temperature was maintained at approximately 24°C. 
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Figure 2.4. Schematic of experimental tank design. 
 
The pH controllers automatically injected CO2 into each treatment tank’s headspace 
when that tank’s pH rose above the target value. Each silicone CO2 injection line was mounted 
2 cm above the water level at the end of the tank opposite the pH probes. Injected CO2 was 
mixed with the tank’s seawater by the submersible aerator. The controllers were programmed to 
begin CO2 injection when experimental tank pHT was >7.81 in the first experiment and >7.61 in 
the second experiment. Injection ceased when pHT was <7.80 in the first experiment and <7.60 
in the second experiment. These CO2 injections occurred approximately every two hours; each 
injection cycle generally lasted 15 minutes and delivered ~2 mL of CO2 per cycle to each 
experimental tank. Over-injection of CO2 (e.g., caused by faulty flow regulator or defective pH 
probe) was not observed during the experiment. Treatment tank headspace [CO2] averaged 700 
(standard deviation (σ) = 87) ppm before injection and 1200 (σ = 265) ppm after injection. 
Treatment tank pHT averaged 7.79 (σ = 0.06) in the pHT 7.8 experiment and 7.61 (σ = 0.05) in 
the pHT 7.6 experiment. Control tank headspace [CO2] averaged 412 (σ = 3) ppm. Control tank 
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pHT averaged 7.97 (σ = 0.05) in the pHT 7.8 experiment and 8.00 (σ = 0.05) in the pHT 7.6 
experiment. 
Mesh bags of A. angulatus were removed after approximately 14 days, 28 days, and 42 
days of immersion. Upon removal from the tanks, mesh bags were submerged in tap water for 
five minutes, immersed in DI water for 1 minute, and then set aside to air dry. The specimens 
were later transferred to archival slides and digitally photographed in preparation for analysis.  
 
Growth Analysis 
Digital images of specimens taken before and after the experiment were analyzed using 
ImageJ version 1.45s software (Rasband, 2007). The perimeter of each specimen was 
individually outlined using the software’s ‘outline’ tool; next, the ‘measure’ tool was used to 
calculate the maximum diameter across the perimeter, referred to as the Feret diameter (Francus, 
2004), and the area. The pre-experiment measurements of individual A. angulatus specimens in 
the pH 7.8 experiment were made using the reticule scale of a binocular microscope because the 
microscope’s digital camera was not available. 
 
Pore-Size Analysis 
Slides containing Archaias angulatus were randomly selected from the archival slides for 
scanning electron microscope (SEM) analysis and mounted flat on aluminum SEM specimen 
mounts using conductive adhesive tabs. Specimens were imaged in variable-pressure mode at the 
USF Electron Microscopy Lab with a Hitachi S-3500N SEM. Digital SEM images were 
analyzed using ImageJ version 1.45s software (Rasband, 2007). Three non-overlapping 50 μm x 
50 μm regions of interest (ROI), located on the terminal chambers of each specimen, were 
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delineated. All pseudopores completely enclosed within the ROI were selected, counted, and 
measured using ImageJ’s ‘analyze particles’ tool. 
 
Isotope Ratio Mass Spectroscopy (IRMS) 
Water samples from the tanks and the KML lagoon were analyzed for δ18O of seawater 
and δ13C of DIC. These samples were collected for stable isotopic analysis by completely filling 
125-mL serum bottles, fixing with 50 µL of saturated mercuric chloride, and sealing with 
greased Teflon crimp caps. Analyses were completed at the USF Department of Geology Stable 
Isotope Laboratory using a Thermo-Finnigan Delta V 3-kiloelectron volt (keV) Isotope Ratio 
Mass Spectrometer coupled to a Finnigan GasBench II preparation device. 
Specimens of Archaias angulatus and Amphistegina gibbosa were prepared by weighing, 
sonicating in 25 μl of DI water for 2 minutes, rinsing with 500 μl of DI water, immersing in a 1% 
(v/v) H2O2 alkali buffered oxidizing solution (Barker et al., 2003), heating for 8 minutes at 70 
°C, then sonicating for an additional 2 minutes. The oxidizing solution was replaced and the 
specimen was again heated for 8 minutes and sonicated for 2 minutes. The specimen was then 
rinsed twice with 500 μl of DI water and dried at 60 °C and then reweighed. Finally, terminal 
chambers were amputated from the test until the target analysis mass (200 μg) was reached. 
Analyses of δ18O and δ13C of carbonate samples were completed by flushing 12 mL 
Labco exetainers containing 200 µg of sample with He gas, adding 2.5 mL (5 drops) 103% 
H3PO4, and equilibrating for 24 hr. Analyses of δ
18
O of H2O were completed by equilibrating 200 
µL of sample with approximately 12 mL headspace of a ~0.3% CO2 in He mixture in Labco 
exetainers (equilibration method after Epstein & Mayeda, 1953). Analyses of δ13C of DIC were 
completed by injecting 1 mL aliquots of sample water into approximately 12-mL vials that were 
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pre-flushed with He and were pre-filled with 1 mL of 85 percent H3PO4 (Assayag et al., 2006). In 
all three types of analyses, the relevant isotopic composition of the headspace CO2 was measured 
after 24 hr equilibration under controlled temperature conditions. 
All stable isotope data are expressed in the conventional delta (δ) notation. The reference 
for the δ-scale are VSMOW for H2O and VPDB for DIC and carbonate. Analytical error on 
water standards used was not greater than 0.1 ‰ for δ18O and for δ13C; for carbonate samples, 
error was less than 0.3‰ for δ18O (with one exception of 0.64‰) and less than 0.13‰ for δ13C. 
 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
Elemental ratio Mg/Ca determinations were determined using a PerkinElmer 7300 Dual 
View Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) at the USGS 
Coastal and Marine Science Center in Saint Petersburg, Florida. An internal gravimetrical 
standard solution (IGS) was measured for Mg/Ca before and after each dissolved foram sample 
to correct for instrumental drift and noise (Schrag, 1999). The average corrected IGS precision 
for Mg/Ca was 0.0436 mmol mol
–1
 (1σ, n = 159). A second standard, homogenized powder of 
Euronorm certified reference material (ECRM), analyzed for Mg/Ca to test for any potential 
matrix effects had an average corrected precision of 0.0638 mmol mol
−1 (1σ, n =16). 
Specimens were prepared for ICP-OES analysis by removing the terminal chambers from 
the test until the sufficient material for analysis was gathered (250 μg pretreatment). Sample 
preparation was then performed by sonication, oxidation, and leaching following the methods of 
Barker et al. (2003). 
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CHAPTER THREE: 
 
EFFECTS OF SIMULATED OCEAN ACIDIFICATION ON ARCHAIAS ANGULATUS 
 
 
Introduction 
The soritid symbiont-bearing foraminifer Archaias angulatus (Fig. 1.5) is one of the most 
common shallow-water species (< 30 m) of large benthic Foraminifera in waters of the West 
Indies and is a major source of carbonate sediments in Caribbean reefs (Hallock et al., 1986b) as 
well as the shallow waters of Florida Bay (Hallock & Peebles, 1993). A laboratory culture study 
of the effect of increased CO2 concentrations and the concomitant reduction in calcite saturation 
state on the growth, ultrastructure, and geochemical composition of Archaias angulatus is 
reported in this chapter, along with the modeled impact on Archaias angulatus sediment 
production in the Florida Keys. 
During two six-week experiments, 35 bags, each containing approximately 20 live 
Archaias angulatus, were cultured in six tanks. The first experiment’s three treatment tanks were 
maintained at a pH of 7.8; the second experiment’s three treatment tanks were maintained at a 
pH of 7.6. Each experiment had a three-tank control group at a pH of approximately 8.0. Bags 
were removed after approximately two, four, and six weeks. 
 
Archaias angulatus, a Miliolid Benthic Foraminifer 
Archaias angulatus (Fichtel & Moll, 1798), a symbiont-bearing miliolid (Hallock, 1999), 
is useful in resolving past water depths, facies analysis (Wilson, 2006), and is an indicator of 
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reefal and environmental change (Cockey et al., 1996; Souder et al., 2010). Archaias angulatus 
(Fig. 1.5) is common in shallow-waters throughout the West Indies and Caribbean, and is 
particularly dominant in the shallow waters of Florida Bay (Hallock & Peebles, 1993). As such, 
it is a major source of foraminiferal carbonate sediments around Caribbean reefs (Hallock et al., 
1986b). Wide-ranging, relictual deposits of A. angulatus along the west Florida shelf have been 
reported as deep as 85 m (Gould & Stewart, 1955). Like many other carbonate-secreting species, 
its response to ocean acidification (Caldeira & Wickett, 2003) is unknown (Kleypas et al., 2005). 
Archaias angulatus has a depth range that spans from 0 to at least 30 m. It produces a 
planispiral involute test which is porcelaneous, imperforate, covered with pseudopores, and is 
precipitated as high-Mg (10–15%) calcite (Blackmon & Todd, 1959; Culver et al., 1982; Cottey 
& Hallock, 1988; Hallock & Peebles, 1993; Macintyre & Reid, 1998; Wilson, 2006). Individuals 
move by means of their pseudopodia and inhabits a range of substrates, including rubble, algal 
turf, seagrass, and macroalgae (Hallock & Peebles, 1993), although the highest densities have 
been associated with mixed seagrass-macroalgal substrates (Hallock et al., 1986b). The taxon is 
moderately euryhaline and eurythermal, but it cannot tolerate reduced oxygen levels (Cottey & 
Hallock, 1988). Reproduction occurs when it approaches nine months of age, at which point the 
foraminifer is approximately 2,200 μm in diameter; older individuals greater than 3,600 μm in 
diameter have been documented (Hallock et al., 1986b). Living individuals host the algal-
symbiont Chlamydomonas hedleyi and are consequently colored green (Lee, 2006). Most carbon 
gain in A. angulatus is a consequence of feeding on algae (Lee & Bock, 1976). A transect from 
the Everglades extending to the Florida Straits made by Lévy (1991) found that A. angulatus was 
one of the most abundant species of miliolids in water shallower than 3 m. 
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The onset of sea-floor test diagenesis has been observed in both living and dead 
specimens. Reid & Macintyre (1998) have reported that recrystallization of the test to 
minimicrite (<1 μm) begins while the foraminifer is still living, possibly caused by increased 
internal pCO2 (Macintyre & Reid, 1995). Dissolution of Archaias angulatus has been noted in 
pore waters with a pH of 7.3 near the sediment-water interface and in undersaturated 
microenvironments (Cottey & Hallock, 1988). Tests of A. angulatus frequently glauconitize post 
mortem, possibly as a result of bacterial alteration in anoxic conditions (Wilson, 2006).  
 
Structure and Growth of Archaias angulatus 
The Archaias angulatus test is divided into a network of chamberlets covered by a two-
layer wall of high-Mg calcite. The outermost layer consists of a single tile-like sheet of 
rhombohedral calcite; the more-voluminous inner layer of the wall consists of randomly oriented 
calcite needles (Lynts & Pfister, 1967; Reid & Macintyre, 1998). When A. angulatus undergoes 
dissolution, material is lost from the outer surface of the test wall; this results in an increase in 
size of individual pseudopores in the test (Cottey & Hallock, 1988; Crevison & Hallock, 2007).  
The general pattern of miliolid chamber formation has been described by Angell (1980), 
Lowenstam & Weiner (1983), ter Kuile & Erez (1988), Goldstein (2003), Erez (2003), and de 
Nooijer et al. (2009). Wetmore (1999) detailed chamber formation in Archaias angulatus. and 
documented that it grows by accreting a new chamber at the end of the test during which 
overgrowth of older chambers may occur, but this is an incidental consequence of growth 
geometry rather than an intentional process. When forming a new chamber, the foraminifer first 
produces a growth cyst, thereby creating an isolated environment for chamber construction. The 
cyst forms by extending the foraminifer’s cytoplasmic reticulopodia into the surrounding 
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seawater, acting as a growth Anlage, secreting an organic membrane as thick as the final 
chamber wall, and retracting the reticulopodia. A calcitic supersaturated solution is created in 
seawater-filled vesicles within the cytoplasm. This supersaturation, largely the result of 
photosynthetic pH increases, enables the precipitation of high-Mg calcite rods inside the vesicles. 
These calcite rods are then transported by the cytoplasm to the organic membrane where they are 
deposited. A single tile-like layer of calcite rhombohedrons is first placed along the boundaries 
of the new chamber. The remainder of the chamber wall is then constructed, consisting of an 
unordered mass of calcite rods. This unordered chamber structure reduces light penetration and 
gas exchange to the algal symbionts Chlamydomonas hedleyi (Hottinger, 1986; Lee & Hallock, 
1987). Calcification ceases upon completion of chamber construction. 
 
Stable Isotope and Mg/Ca Chemistry of Large Benthic Foraminifera 
Foraminiferal oxygen and carbon stable isotopic compositions have a myriad of 
applications including the characterization of paleotemperature (McCrea, 1950), global ice-
volume fluctuations (Emiliani, 1955; Shackleton & Opdyke, 1973), stratigraphic correlation 
(Imbrie et al., 1984), characterization of organic carbon reservoirs (Shackleton, 1977), and the 
interpretation of life processes (Grossman, 1987). In addition to equilibrium carbon and oxygen 
isotope fractionation, respiration, ontogenetic effects, symbiont photosynthesis, and vital effects 
can lead to disequilibrium precipitation (in terms of the δ18O and δ13C) recorded in a benthic 
foraminifer’s test and the isotopic composition of the original seawater (Wefer & Berger, 1991; 
Bemis et al., 1998; Rohling & Cooke, 2003). Stable isotope values (VPDB scale) for modern 
A. angulatus range between approximately −1.0‰ and +1.0‰ for δ18O, and between +1.0‰ and 
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+4.5‰ for δ13C; samples gathered from the same locations tended to exhibit local variations of 
approximately 1.0‰ (Gross, 1964; Wefer, 1985; Brasier & Green, 1993). 
Equilibrium and kinetic isotope effects cause fractionation of oxygen isotopes between 
CO2(aq), and the anions involved in carbonate precipitation: HCO3
–
, and CO3
2–
; at equilibrium T, 
CO3
2–
 is depleted 16‰ relative to HCO3
–
 and HCO3
–
 is depleted 24‰ relative to CO2(aq) (Spero 
et al., 1997; Zeebe, 1999). Carbon isotopes are subject to minor temperature-dependent 
equilibrium fractionation, but are also subject to a metabolic and abiotic kinetic fractionation 
(Spero et al., 1997). Rotalid foraminifers, such as Amphistegina spp., store ions from multiple 
sources in an internal carbon pool for use in calcification (Erez, 2003). By contrast, miliolids, 
such as A. angulatus, precipitate seawater ions in seawater-filled vesicles (ter Kuile & Erez, 
1987). The isotopic response of A. angulatus or Am. gibbosa to decreased pH and accompanying 
decreases in [CO3
2-
]
 
have not been previously reported; however, such results have been reported 
on other species of Amphistegina. 
In Amphistegina spp., oxygen and carbon isotopic values (relative to PDB) between 
approximately −3.0‰ and −1.0‰ and approximately −2.0‰ and 2.0‰, respectively, were 
reported by Vinot-Bertouille & Dulessy (1973), who noted that intraspecies variations in excess 
of 2‰ were common. Saraswati et al. (2004) reported values of approximately −1.7‰ for δ18O 
and values between −0.14‰ and 0.20‰ for δ13C in Amphistegina spp. They noted large size-
dependent variations in the δ18O and δ13C of LBF, as well as poor correlations between δ18O and 
δ13C. Most recently, oxygen isotopic values (VPDB scale) for Am. lobifera between 
approximately −3.5‰ and −1.0‰ were reported by Rollion-Bard et al. (2008). They also found a 
trend of decreasing δ18O as the pH increased, attributed to the aforementioned 16‰ depletion of 
CO3
2– 
relative to HCO3
–
. Similarly, an earlier study of the symbiotic planktonic foraminifer 
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Orbulina universa by Spero et al. (1997) demonstrated that lower pH levels, causing a reduction 
in δ18O-depleted [CO3
2–] and increase in δ18O-enriched [HCO3
–
], resulted in increased δ18O and 
δ13C values. 
Recent work by Andersson et al. (2008) theorized that marine calcifiers containing 
significant amounts of high-Mg calcite, which is more soluble than low-Mg calcite or aragonite, 
should respond more adversely to ocean acidification than calcifiers containing little or no Mg. 
Because high-Mg calcite (>4 mole% MgCO3) and aragonite form the majority of tropical 
shallow-water sediments (Tucker & Wright, 1990), soluble deposits of high-Mg calcite may 
become the “first responders” (sensu Morse et al., 2006) to ocean acidification, acting as a CO2 
sink by dissolving into Ca
2+
 and HCO
3–
 before less soluble forms of calcite (Fig. 1.1). For low- 
and variable-Mg calcite taxa, it has been suggested that the Mg content of foraminiferal calcite 
increases linearly with T (Nürnberg et al., 1996); this relationship allows the Mg/Ca ratio to be 
used in paleothermometry (Hastings et al., 1998; Elderfield & Ganssen, 2000; Lear et al., 2002) 
and, in conjunction with their δ18O values, to calculate Cenozoic global ice volumes (Billups & 
Schrag, 2002). 
Archaias angulatus tests are formed from high-Mg calcite, recently reported at 10-
15 mol% (Toler et al., 2001; Souder 2009). Amphistegina gibbosa tests are formed from low-Mg 
calcite, recently reported at 2-4 mol% (Toler et al., 2001). Analysis of the low-Mg, symbiont-
barren, rotalid Ammonia tepida grown at different CO2 concentrations reported no relationship 
between [CO3
2–
] and the incorporation of Mg into the test (Dissard et al., 2010). On the other 
hand, a similar study by Raitzsch et al. (2010) reported that Mg content declines as Ωcalcite 
increases. They reported a similar relationship in the high-Mg symbiont-bearing rotalid 
Heterostegina depressa, although the effect was less pronounced.  
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Methods 
 Laboratory methods are described in Chapter 2. 
 
Statistical Analyses 
Statistical analyses were performed on the increase in test size (i.e., growth rate), test 
weight, pseudopore area, δ13C and δ18O of foraminiferal tests and experimental tank water, as 
well as the Mg/Ca ratio. All mean values are shown with their standard error of mean (mean ± 
SEM). Results were considered significant at p < 0.05. The Anderson-Darling test was used to 
confirm that growth rate and pseudopore sizes were normally distributed. 
One-way analysis of variance (ANOVA) was used to test the effect of pH on the oxygen 
and carbon isotope values. An ANOVA general linear model (GLM) was used to test the effects 
of pH and time in culture (i.e., 2, 4, or 6 weeks) on the mean percent increase in foraminiferal 
diameter. An ANOVA-GLM was used to test the effect of pH and the time spent in culture (i.e., 
2, 4, or 6 weeks) on pseudopore area. A two−sample t-test was used to evaluate the pre- and post-
treatment pseudopore size of individual specimens from different treatments. A two-sample t-test 
was used to evaluate the Mg/Ca of specimens from the control and treatment tanks. Pearson’s 
product moment correlation test was used to analyze if a relationship between treatment pH and 
the growth rate as well as between treatment duration and the growth rate exist. Least-squares 
regressions were used to test the effect of tank Ωcalcite on the growth rate and on the effect of 
foraminiferal diameter on weight. All data were analyzed using Minitab 15 statistical software. 
Details of ANOVA tests are provided in Appendices 1, 2, and 3. 
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Results 
Analysis of growth was performed on specimens (n = 776) from 35 bags which contained 
equal numbers of individuals before and after the experiment. The area, perimeter, and maximum 
diameter of each specimen was measured. The average percent increase in diameter of specimens 
after each experiment is shown in Figure 3.1. The mean diameter and change in size for the 
replicates of Archaias angulatus are shown in Table 3.1. There was a highly significant effect of 
treatment pH and duration on the size of forams (F(8,26) = 3.41, p < 0.01, r
2
 = 51%). Regardless of 
treatment, the average percentage of size change decreased with lower pH in every instance (Fig. 
3.1); increase in mean size after 6 weeks was 9.8% in the pH 8.0 control treatment, 8.2% in the 
pH 7.8 treatment, and 8.0% in the pH 7.6 treatment. The tank pH was correlated to the 
percentage change in A. angulatus diameter (p < 0.01, r = 0.62); treatment duration was also 
correlated to the percentage change in diameter (p = 0.03, r = 0.36). 
 
 
Figure 3.1. Mean Archaias angulatus growth of cohorts. Measured by the percent increase in 
maximum diameter and grouped by number of weeks in culture and pH level. Bars represent one 
standard error from the mean. 
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Table 3.1. Summary of Archaias angulatus growth by cohort. The pH is the total scale pH of the 
cohort (bag); Weeks is the number of weeks in culture; n is the number of specimens in the 
cohort; Diameter (Pre/Post) is the mean maximum diameter of the cohort’s specimens before and 
after culture; σ Diameter (Pre/Post) is the standard deviation of the mean diameter before and 
after culture. All measurements of diameter are in μm. The Diameter Change (%) is the increase 
in the mean maximum diameter of the cohort. 
pH 
 
 
Weeks n Diameter 
(Pre) (μm) 
σ 
Diameter 
(Pre) (μm) 
 
Diameter 
(Post) (μm) 
σ 
Diameter 
(Post) 
(μm) 
 
Diameter Change (%) 
7.6 2 22 1904 635 2017 636 5.9% 
7.6 2 21 1495 603 1543 621 3.2% 
7.6 2 21 1470 661 1489 673 1.3% 
7.6 2 20 1587 487 1642 506 3.5% 
7.6 2 22 1703 568 1720 594 1.0% 
7.6 2 22 1375 609 1443 602 4.9% 
7.6 4 23 1693 597 1772 609 4.7% 
7.6 4 26 1487 613 1581 611 6.3% 
7.6 4 21 1228 611 1302 609 6.0% 
7.6 4 21 1441 490 1453 548 0.8% 
7.6 4 22 1490 739 1583 724 6.2% 
7.6 6 20 1167 595 1242 626 6.4% 
7.6 6 22 1654 689 1812 662 9.6% 
7.8 2 20 1229 631 1296 640 5.4% 
7.8 2 40 1441 740 1506 621 4.5% 
7.8 2 20 1218 474 1331 478 9.3% 
7.8 4 20 1438 791 1527 795 6.2% 
7.8 6 20 930 433 1007 464 8.2% 
7.8 6 20 1210 523 1310 532 8.2% 
8.0 2 22 1051 354 1202 382 14.4% 
8.0 2 22 1482 700 1582 653 6.7% 
8.0 2 20 1337 733 1467 750 9.7% 
8.0 2 21 1842 784 1957 833 6.3% 
8.0 2 22 1800.8 670.6 1877.2 646.4 4.2% 
8.0 4 23 1535.3 547.0 1759.5 655.0 14.6% 
8.0 4 21 1555.3 697.8 1705.9 661.0 9.7% 
8.0 4 24 1264.4 762.9 1403.3 684.2 11.0% 
8.0 4 20 1613.7 822.8 1717.7 818.6 6.4% 
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Table 3.1 (Continued). Summary of Archaias angulatus growth by cohort. 
pH 
 
 
Weeks n Diameter 
(Pre) (μm) 
σ 
Diameter 
(Pre) (μm) 
 
Diameter 
(Post) (μm) 
σ 
Diameter 
(Post) 
(μm) 
 
Diameter Change (%) 
8.0 4 23 1299.2 638.5 1451.3 587.5 11.7% 
8.0 4 25 1377.3 646.7 1521.7 641.9 10.5% 
8.0 6 20 1589.1 394.6 1710.6 335.4 7.6% 
8.0 6 21 1395.2 602.6 1641.1 671.6 17.6% 
8.0 6 21 1146.6 571.9 1265.1 643.9 10.3% 
8.0 6 22 1472.1 724.3 1556.9 706.5 5.8% 
8.0 6 26 1623.4 667.3 1748.8 650.1 7.7% 
 
Table 3.2. Summary of Archaias angulatus weekly growth by pH. 
pH conditions 
 
Ωcalcite Weekly growth (μm) Weekly increase (%) 
7.6 
 
2.06 21.2 (σ = 4.7) 1.4% (σ = 0.2) 
7.8 
 
3.26 25.9 (σ = 13.4) 2.0% (σ = 1.0) 
8.0 
 
4.54 39.6 (σ = 17.1) 2.8% (σ = 1.3) 
8.2 (Hallock et al., 1986b) 
 
 60  
Weekly increase (%) = 0.209 + 0.565 ∙ Ωcalcite     r
2
 = 99.2% 
 
 
Mean weekly growth rates were calculated by averaging the growth rates of all 
specimens within bags from tanks with the same treatment and duration (e.g., pH = 7.6, time = 2 
weeks). The relationship between Ωcalcite and the weekly increase in relative size was significant 
(Table 3.2); as CO2 increased and the Ωcalcite decreased, there was a significant decline in the 
mean weekly growth rate of A. angulatus (weekly growth (%) = 0.209 + 0.565 ∙ Ωcalcite; p = 0.04, 
r
2
 = 99%). Weights of A. angulatus (Fig. 3.2) were strongly related to diameter (weightpost = –
0.545 + 0.000745 ∙ diameter; p < 0.01, r2 = 0.83); there was no correlation of pre-oxidation and 
post-oxidation weight to the experimental pH level (p = 0.89). 
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The area of pseudopores (n = 3486) increased as the pH decreased (Figs. 3.3 and 3.4). 
The effect of pH on pseudopore area was highly significant (F(2,3477) = 103.37, p < 0.001), as was 
the effect of treatment duration (F(2,3477) = 22.19, p < 0.001). The interaction of pH and duration 
was also significant (F(4,3477) = 46.58, p < 0.001). ANOVA comparison of the size of pseudopores 
from the same specimens before and after six weeks of treatment (Fig. 3.5, n = 172) indicates 
that, in the pH 7.6 and 7.8 treatment tanks, newly grown pseudopores are larger than pre-
treatment pseudopores (t
7.6
(52) = –2.24, p = 0.030; t
7.8
(49) = –2.44, p = 0.02), but pseudopores from 
the control tanks are not significantly different before and after treatment (t
8.0
(57) = 0.69, p = 
0.49). 
 
 
Figure 3.2. Relationship of post-oxidation test weight to diameter. Diameter is maximum text 
diameter in mm, weight is post-oxidation test-weight in mg. 
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Figure 3.3. Archaias angulatus pseudopore area (μm2) after six weeks of treatment. 
 
 
Figure 3.4. SEM images of A. angulatus pseudopores after six weeks of treatment. Field of view 
for each image is 100 μm. 
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Figure 3.5. Mean pseudopore area (μm2) before and after six weeks of treatment. Binned by pH 
treatment. Bars represent one standard error from the mean. 
 
 
Figure 3.6. Plot of Archaias angulatus δ13C and δ18O after six weeks of treatment. Binned by pH 
treatment. Bars represent one standard error from the mean. 
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There was a marginally significant effect of treatment pH on the δ18O (VPDB) value (Fig. 
3.6, n = 41) of A. angulatus after six weeks (F(2,40) = 3.21, p = 0.051) and no effect of pH on the 
δ13C (p = 0.28). Mean δ18O of the tank seawater (VSMOW) was 1.6‰ ± 0.2; δ13C values were 
−3.0‰ ± 0.2. A water sample from the Dolphin Cove lagoon had δ18O and δ13C values of -3.99 
and -1.57‰, respectively. 
The results of Mg/Ca analyses (n = 37) are shown in Figure 3.7. The Schrag-corrected 
Mg/Ca ratios (Schrag, 1999) of A. angulatus specimens after 6 weeks of treatment at pH 7.6 
treatment differed significantly from the Mg/Ca ratios of the pH 8.0 control specimens (t(17) = 
2.17, p = 0.04). Toler et al. (2001) previously reported Mg/Ca values of 120±13 mmol/mol for A. 
angulatus, comparable this experiment’s pH 8.1 reference set value of 127±1 mmol/mol. The 
slight increase in Mg/Ca is consistent with previous work (Raitzsch et al., 2010) on the high-Mg 
rotalid Heterostegina depressa, which reported a weak relationship between increasing Ω and 
decreasing Mg/Ca. 
 
Figure 3.7. Results of Archaias angulatus Mg/Ca analysis (mmol/mol). Binned by pH treatment. 
Bars represent one standard error from the mean.
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Discussion 
 
Archaias angulatus Growth and Ultrastructure 
This study experimentally investigated Archaias angulatus’s morphological (i.e., test 
growth rate and pseuodopore size) and chemical (i.e., stable isotope composition and Mg/Ca 
ratio) response to different Ωcalcite, induced by the injection of CO2 into the culture media to 
regulate pH. The pooled responses to the three treatments (pH 7.6, pH 7.8, pH 8.0 [control]) 
identified overall trends although responses of replicates were variable (Table 3.1). This variable 
response, attributed to microenvironmental variations in the availability of nutrients and light, 
was consistent with the findings of other researchers (Fujita et al., 2011; Glas et al., 2012; Vogel 
& Uthicke, 2012). Previous work by Hallock et al. (1986b) presented growth and reproductive 
data for A. angulatus and is summarized in Table 3.3. 
 
Table 3.3. Archaias angulatus growth and reproduction. Summarized from Hallock et al., 
(1986b). 
Archaias angulatus 
 
Growth rate of test 
 
 
60 μm/week (0–6 months), 50 
μm/week (>6 months) 
Diameter at maturity 
 
1600 mm 
Pre-productive death rate 
 
99.5% 
Fecundity 
 
300 young/parent 
 
Archaias angulatus test growth is dependent on feeding rather than photosynthesis (Lee 
et al., 1974; Lee & Bock, 1976; Lee, 2006); when food is not readily available, it begins to digest 
its chlorophytic symbionts (Hallock & Peebles, 1993). The strong linear correlation between the 
Ωcalcite and the test growth rate, summarized in Table 3.2, indicates that A. angulatus is dependent 
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upon externally supplied carbonate to calcify (ter Kuile & Erez, 1987; ter Kuile et al., 1989). 
This reliance is a consequence of its calcification method, characteristic of miliolids, described 
previously. The linear correlation implies a lack of control over or regulation of the vesicle 
contents by the cytoplasm. Consequently, A. angulatus is highly dependent on externally 
supplied carbonate; even a mild reduction in Ωcalcite will restrict growth. Additionally, the post-
oxidation test weight of A. angulatus shows a consistent relationship to diameter without regard 
to Ωcalcite (Fig. 3.2); the foraminifer does not sacrifice structural integrity for increased size. 
This recorded growth response can be compared to various studies of other 
dinoflagellate-bearing soritids, including Amphisorus hemprichii (Fujita et al., 2011), 
Marginopora kudakajimensis (Kuroyanagi et al., 2009), and M. vertebralis (Vogel & Uthicke, 
2012). Fujita & others (2011) found that calcification decreased at higher pCO2. However, unlike 
Archaias angulatus, the change in size was accompanied by a pronounced change in the weight-
to-diameter ratio, which decreased with increasing pCO2 (i.e., the foraminifers grew nearly as 
large, but weighed less). The results for M. kudakajimensis are similar to those of A. hemprichii, 
although the response was more muted at intermediate pH levels (i.e., 7.9). In contrast, M. 
vertebralis increased its growth rate at very high CO2 concentrations (i.e., 1169 ppm, 1662 ppm) 
while maintaining its weight-to-size ratio. Each of these miliolids has dinoflagellate symbionts, 
whereas Archaias angulatus hosts chlorophytes. Furthermore, Am. hemprichii and M. 
kudakajimensis both host Symbiodinium spp. dinoflagellates whereas M. vertebralis hosts 
Gymnodinium spp. dinoflagellates (Lee & Anderson, 1991). Symbiodinium (commonly referred 
to as zooxanthellae) is associated exclusively with symbiosis, whereas the related genus 
Gymnodinium contains free-living forms, some of which occur in acidic freshwaters (Graham & 
Wilcox, 2000). When combined, the results of these different studies show a potential 
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relationship between the specific response of different foraminifers to ocean acidification and the 
type of symbionts they host.  
Light penetration and enhanced gas exchange have been invoked to explain the presence 
of pseudopores on porcelaneous Foraminifera (Hottinger, 1986; Lee & Hallock, 1987); however, 
these explanations do not account for an increase in pseudopore size observed in this study (Figs. 
3.3 and 3.5). As Ωcalcite decreased, existing pseudopores increased in size and newly formed 
pseudopores were even larger. The most likely cause of increased pseudopore size is dissolution 
of the test, observed in SEM images of pseudopores from pH 7.6 specimens but not in 
pseudopores from pH 8.0 specimens (Fig. 3.8).  
 
 
Figure 3.8. : SEM image of rim and interior of Archaias angulatus pseudopores. Image on left is 
from a specimen that was cultivated for 6 weeks in seawater with pH 7.6 (treatment); image on 
right is from a specimen that was cultivated for 6 weeks in seawater with pH 8.0 (control). Note 
deterioration of pseudopore rim (1) and dissolution of calcite rods (2) in pH 7.6 sample. 
 
Cytoplasm pH in miliolid Foraminifera ranges from 6.0–6.5 (de Nooijer et al., 2008); if 
the internal pH is offset at a fixed difference to the external pH, the foraminiferal internal Ωcalcite 
may decrease to the point of undersaturation (de Nooijer et al., 2009). The solubility and 
susceptibility to dissolution of calcite increases with Mg content (Andersson et al., 2008); an 
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increase of Mg in Archaias angulatus calcite was noted at lower pH (Fig. 3.7). This combination 
of decreased cytoplasmic pH and concomitant decrease in Ωcalcite, as well as a higher Mg/Ca ratio 
in secreted foraminiferal calcite, may result in dissolution. 
The stages of dissolution of the Archaias angulatus test were investigated by Cottey & 
Hallock (1988). Indicators of extreme dissolution (e.g., exposure of the inner wall, pseudopore 
inversion, loss of test wall) were not noted in the cultured specimens, although coalescence of 
pseudopores and dissolution at the pseudopore perimeter and interior were sometimes present 
(Fig. 3.8). The angular, stepped boundary between pseudopores and the adjacent lateral walls 
exposes a larger proportion of unbonded surface area to the cytoplasm than the flat surface of the 
lateral walls (Morse & Mackenzie, 1990), an area where dissolution is first expressed in the form 
of enlarged pseudopores. Additionally, Macintyre & Reid (1998) showed that A. angulatus tests 
can begin to micritize while still living; a textural change of the calcite that forms the bulk of the 
test walls from Mg-calcite rods (1 to 2 μm long by 0.1 μm wide) to finer, and denser, minimicrite 
(0.1 μm equant crystals) could cause a deflationary reduction in volume without visibly 
damaging the outer-most layer of tiled calcite.  
The probability of survival of larger benthic Foraminifera, such as Archaias angulatus, is 
size-specific and, when growth rates are constant, age-dependent (Hallock, 1985). Smaller 
foraminifers suffer from high rates of mortality; less than 0.5% of juveniles live to reproduce 
(Hallock et al., 1986b; Murray, 1991). Larger Foraminifera become large because their mortality 
rates decrease with size (Hallock, 1985). Therefore, a high growth rate results in tests with 
sufficient size to provide housing space for the associated algal symbionts; furthermore, this 
gives the test sufficient mass to survive turbulent waters, increases their fecundity (i.e., the 
number of offspring produced), which is a function of size at the time of reproduction, and 
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provides the foraminifer with a protective size advantage against predators (Hallock, 1985). A 
reduction in growth rates may negatively affect these factors, leading to reduced numbers of 
smaller individuals and, therefore, potentially reorganizing the taxon’s size-abundance 
distribution. This will necessarily reduce the contribution of A. angulatus to carbonate sediments. 
Archaias angulatus growth rates were calculated by Hallock et al. (1986b) in a one-year 
study of population dynamics. Specimens were gathered in shallow water (<1 m) in Largo 
Sound, a lagoon on the Atlantic side of Key Largo, Florida, at monthly intervals from May 1982 
to May 1983. The study found that individuals increase their diameter at a rate of approximately 
250 μm/month for the first six months, at which point they are approximately 1,600 μm in 
diameter; they then their growth rate slows to 200 μm /month. The foraminifers continue to grow 
as long as they are alive, with longevities typically of approximately one year (Table 3.3). 
Using the aforementioned growth rates (Hallock et al., 1986b), the average size of 
Archaias angulatus in the experimental bags indicated that the individuals in each bag were, on 
average, less than 6 months in age at the end of the experiment. Growth was calculated by 
subtracting the mean size of specimens in each bag before the experiment from the mean size of 
specimens after the experiment and dividing by the number of weeks in culture. The weekly 
growth rate was multiplied by four to calculate the monthly (28 day) growth rate. The monthly 
increase in size of the control specimens, based on weekly growth (Table 3.2), was 
approximately 160 μm/28 days; the pH 7.8 treatment resulted in growth of 100 μm/28 days; and 
the pH 7.6 treatment resulted in growth of 80 μm/28 days. These changes in monthly growth 
represent approximately 40% (pH 7.8) and 50% (pH 7.6) reductions relative to the control. 
A longer lifespan could offset the pH-associated reduction in growth rate; however, such 
an increase in lifespan would reduce population sizes because monthly mortality rates are 
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strongly correlated with size (Hallock et al., 1986b). The high mortality rate of smaller 
specimens precludes the increased time of survival necessary to “catch up” to untreated growth. 
In short, this reduction in growth rate and adult size indicates that A. angulatus living in a high-
CO2 world probably would not live sufficiently long to grow as large as they are now and will 
produce fewer offspring when they reproduce. As a consequence, the population will shrink. 
 
Archaias angulatus Carbonate Production in South Florida 
In a study of sediment production in Key Largo Sound, Florida, Hallock et al. (1986b) 
estimated Archaias angulatus carbonate production on shallow carbonate shelves at 60 g/m
2
/yr, 
based on a winter abundance of 5 x 10
3
 individuals/m
2
 and a summer abundance of 15 x 10
4 
individuals/m
2
. A study of the carbonate system in the vicinity of the sampling area conducted 
during 1997−2000 estimated the spring and summer pH to be greater than 8.0 (Millero et al., 
2001). This species is common to abundant from Key Largo (25° 5′ N, 80  26′ W) to Dry 
Tortugas (24° 38′ N, 82° 55′ W) and throughout Florida Bay (Bock, 1971; Lidz & Rose, 1989; 
Lévy, 1991). It constitutes between 20–80% of Foraminifera at depths to 9 m and with little 
variation in distribution at depths shallower than 15 m (Lidz & Rose, 1989). Transects across 
Florida Bay, extending to the reef south of the Florida Keys, show A. angulatus compromising 
up to 50% of the foraminiferal assemblage in areas with constant-to-moderate salinity 
fluctuations. Two other chlorophyte-bearing miliolids, Laevipeneroplis proteus and 
Cyclorbiculina compressa, were found in reef-rubble at depths up to 30 m (the maximum study 
depth) with A. angulatus although abundances varied by species (Baker et al., 2009). In the 
portion of Florida Bay near mainland Florida which exhibited larger salinity fluctuations, a 
similar chlorophytic Archaiasinae, Androsina lucasi, constituted almost 100% of assemblages 
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(Lévy, 1991). The following calculations assume that, based on their similarities, Androsina 
lucasi will respond to reduced pH in a similar fashion as Archaias angulatus. 
The relationship of size and weight of mature specimens to seawater pH is shown in 
Table 3.4; smaller specimens will exert the same proportionate effects. In seawater with a pH = 
7.8, Archaias angulatus carbonate production as measured by weight is decreased by 77%; in pH 
7.6 seawater, the decrease is 93%. Discounting the effects of reduced fecundity and assuming a 
constant growth rate, at pH 7.8 this leads to a potential reduction in carbonate production from 
60 g/m
2
/yr (pH 8.2) to 14 g/m
2
/yr (pH 7.8). Such a reduction will have a considerable impact on 
sediment accumulation rates in south Florida’s shallow-water systems. 
 
Table 3.4. Archaias angulatus production in a high CO2 world. The weight is calculated from 
the regression in Figure 3.2. 
pH 
 
 
 
Weekly increase in 
diameter (μm) 
Annual 
growth (μm) 
Weight (mg) Annual 
production 
(g/m
2
) 
8.2 (Hallock et al., 1986b) 
 
60 3120 1.78 60 
8.0 
 
40 2080 1.05 34 
7.8 
 
25 1300 0.42 14 
7.6 
 
20 1040 0.23 4 
 
The area of Florida Bay and the Florida Keys with water shallower than 15 m (Fig. 3.9), 
representing the deepest Archaias angulatus zone in Lidz & Rose’s study (1989), is 
approximately 9,000 km
2
 (bathymetric data from Robbins et al., 2007). Combining these values 
(Table 3.5) and assuming A. angulatus occurs in 50% of the suitable habitats (Bock, 1971), 
results in a 77% reduction of A. angulatus and the aforementioned chlorophytic Archaiasinae 
Androsina lucasi calcite production at pH 7.8, from 0.27 Mt/yr to 0.06 Mt/yr. This will have a 
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pronounced local effect because miliolids are an important source of high-Mg micritic mud 
(Hallock et al., 1986b; Langer et al., 1997). A reduction in production of high-Mg mud will  
 
Figure 3.9. Map showing documented range of Archaias angulatus in south Florida. Compiled 
from Bock (1971), Lidz and Rose (1989), and Lévy (1991).  
 
Table 3.5. Archaias angulatus production in high CO2 south Florida waters. 
pH 
 
 
Local production 
(g/m
2
/yr) 
Annual production 
(Mt/yr) 
8.2 (Hallock et al., 1986b) 
 
60 0.27 
8.0 
 
34 0.15 
7.8 
 
14 0.06 
7.6 
 
4 0.02 
Regional extent of Archaias angulatus in south Florida = 9,000 km
2 
(Fig. 3.9) 
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affect the composition of local sediments and its associated biota. Infaunal organisms may 
encounter changes in sediment texture as the proportion of low-Mg sediments increases; because 
low-Mg sediments are less susceptible to dissolution than their high-Mg counterparts (Morse et 
al., 2007), the mean grain size should increase. This, in turn, may further reduce the dissolution 
rate because larger particles have a smaller surface to volume ratio and therefore dissolve at a 
slower rate than larger particles (Walter & Morse, 1984a).  
 
Geochemistry of Archaias angulatus 
The δ18O values of Archaias angulatus increases as the pH and Ωcalcite decreases (Fig. 
3.6). This is in agreement with previous work on the relationship between carbonate speciation 
and δ18O response (McCrea, 1950; Spero et al., 1997; Zeebe, 1999; McConnaughey, 2003). 
Because A. angulatus precipitates calcite from seawater-filled vesicles essentially in isotopic 
equilibrium (i.e., with little or no vital effect), the δ18O value of the precipitated calcite is highly 
dependent on that of local [HCO3
–] and [CO3
2–], precipitating as the weighted average of the two 
ions, each of which are in equilibrium with local seawater (Zeebe, 1999). A mass-balance 
calculation at pH 7.6 has the following relationship: 
 
            δ18O = 0.038CO32−(18.4δ18O) + 0.962HCO3
−(34.3δ18O) = 33.7SMOW = 2.7PDB (2) 
 
and at pH 8.0: 
 
            δ18O = 0.097CO32−(18.4δ18O) + 0.903HCO3
−(34.3δ18O) = 32.8SMOW = 1.9PDB (3) 
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predicts that δ18O should be enriched by 0.8‰ if the pH is reduced by 0.4, at constant 
temperature. This experiment’s isotopic results (Fig. 3.6) showed a 0.23‰ enrichment of δ18O 
when pH was reduced by 0.4. Small variations in tank temperature, vital effects, and the 
potential inclusion of low δ18O pre-experiment calcite may account for the 0.57‰ deviation from 
the predicted difference. 
 
Conclusion 
Growth rates of Archaias angulatus decrease in response to reductions in the Ωcalcite, a 
consequence of higher atmospheric CO2 concentration. A 0.4 reduction of seawater pH from 
recent values of 8.2 to a high-CO2 pH of 7.8 results reduces the growth rate by 77% and causes a 
decrease in carbonate sediment production, from an estimated 60 g/m
2
/yr to 14 g/m
2
/yr. 
Consequently, ocean acidification at a [CO2] of 800 ppm, corresponding to a seawater pH of 7.8, 
will reduce the contribution of Archaias angulatus to carbonate sediments in south Florida from 
0.27 Mt/yr to 0.06 Mt/yr. Finally, a reduction in pH appears to increase both the δ18O value and 
the Mg/Ca ratio; these observed trends match those predicted, although detailed studies lasting 
for an entire developmental cycle are needed to clarify and fully quantify the effect. 
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CHAPTER FOUR: 
 
EFFECTS OF SIMULATED OCEAN ACIDIFICATION ON THE BENTHIC 
FORAMINIFER AMPHISTEGINA GIBBOSA 
 
 
Introduction 
The large, symbiont-bearing rotalid Amphistegina gibbosa (Fig. 1.4) is a common 
shallow-water species (<100 m) found in the western Atlantic and Caribbean (Hallock, 1999) 
and is a major source of carbonate sediment in Caribbean reefs (Hallock et al., 1986a; Langer & 
Hottinger, 2000). A laboratory culture study of the effect of increased [CO2] and the concomitant 
reduction in Ωcalcite on the growth and geochemical composition of A. gibbosa is described in this 
chapter, along with a general model explaining the effect of reduced Ωc on rotalid foraminifers. 
During two six-week experiments, 11 bags, each containing approximately 20 live 
Amphistegina gibbosa, were cultured in six tanks. The first experiment’s three treatment tanks 
were maintained at a pH of 7.8; the second experiment’s three treatment tanks were maintained 
at a pH of 7.6. Each experiment had a three-tank control group at a pH of approximately 8.0. 
Bags were removed after approximately two, four, and six weeks. 
 
Amphistegina gibbosa, a Rotalid Benthic Foraminifer 
Amphistegina gibbosa (Fig. 1.4) is an involute trochospiral rotalid hosting various 
pennate diatom endosymbionts (e.g., Nitzschia sp., Navicula sp., and Diploneis sp.) that 
contribute to its brownish-green color (Hallock et al., 1986a, 1995). These endosymbiont species 
are often co-located within the same foraminiferal host (Lee & Morales 1995). This rotalid is 
 48 
common in carbonate environments, particularly coral reefs and tropical carbonate shelves, 
across a broad latitudinal range (Langer & Hottinger, 2000). Consequently, these “living sands” 
(Lee, 1995) are important carbonate producers (Muller, 1974; Hallock, 1981; Langer et al., 
2012). 
Amphistegina gibbosa, which has a perforate hyaline, low-Mg (3-7%) calcite test 
(Murray, 1991), is found in depths ranging from 1 to 120 m on hard and soft substrates (Langer 
& Hottinger, 2000), and is the only species of Amphistegina found in the Caribbean and Gulf of 
Mexico (Hallock et al., 1986a). It is one of the most common shallow-water species in waters of 
the southern Florida shelf (Bock et al., 1971; Baker et al., 2009; Hallock et al., 2010), including 
reefal areas (Baker et al., 2009). Living Amphistegina specimens have been reported on the west 
Florida shelf as deep as 106 m (Gould & Stewart, 1955). 
 
Structure and Growth of Amphistegina gibbosa 
The Amphistegina gibbosa test is divided into a series of interconnected chambers 
covered by a bilamellar wall of low-Mg calcite (Williams & Hallock, 2004). Amphistegina 
gibbosa increases its diameter at a rate of approximately 8 to 10 μm/day in subtropical waters, 
reaching adult size at approximately 1,200 μm diameter (Hallock et al., 1986a; Hallock et al., 
1986b; Talge & Hallock, 1995; Dettmering et al., 1998). Individuals can grow as large as 
approximately 2,000 μm, but are not commonly found beyond 1,500 μm (Hallock et al., 1992; 
Williams et al., 1997). 
Individuals of this genus reproduce two to four times a year (Muller, 1974; Hallock et al., 
1986a) using a trimorphic cycle composed primarily of megalospheric gamont (sexual) and 
schizont (asexual) stages as well as a less common microspheric agamont (asexual) stage 
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(Dettmering et al., 1998; Harney et al., 1998). Asexual reproduction, which has a higher 
fecundity (200 to 500 offspring), occurs predominately in the spring and may recur several times 
prior to sexual reproduction (Muller, 1974; Harney et al., 1998). All forms of reproduction 
typically result in death of the individual (Muller, 1974). 
Calcification is stimulated by photosynthesis (ter Kuile, 1989); ions for calcification 
(described below) are drawn from an internal carbon pool derived primarily from seawater 
bicarbonate (ter Kuile & Erez, 1988; Erez, 2003), although nutrients are supplied by feeding (ter 
Kuile et al.,1987; Lee & Anderson, 1991). Recent studies of Amphistegina radiata (Vogel & 
Uthicke, 2012) and A. gibbosa (McIntyre-Wressnig et al., 2013) found no significant effect of 
elevated pCO2 on growth or calcification. 
Amphistegina gibbosa grows by a biologically mediated process of continuous addition 
of new lamellar, hyaline chambers at the end of a trochospiral test (Hemleben, 1986; Lowenstam 
& Weiner, 1989; Erez, 2003). The hyaline walls diffuse light and grow thicker in brighter light 
(i.e., shallower water; Hallock et al., 1986a). This foraminifer establishes an extracellular 
accommodation space by extending its reticulopods around the test and forming a cytoplasmic 
substrate for calcification (Lowenstam & Weiner, 1989). An internal high-pH carbon pool 
derived from both inorganic and metabolic carbon (ter Kuile et al., 1989) supplies Ca
2+
 and 
CO3
2−
 for calcification. Seawater CO3
2−
 and HCO3
−
 ions are the primary source for this internal 
carbon pool (ter Kuile & Erez, 1988), although the nature (i.e., the source) of the carbon is 
poorly understood (Erez, 2003). The Ca
2+
 and CO3
2−
 ions are transported from the pool to the 
depositional site where charged proteins, which form the substrate, draw them into place 
(Lowenstam & Weiner, 1989; Weiner & Dove, 2003). The calcification process ends when the 
substrate is completely filled. Cup-shaped compartments housing diatom endosymbionts line the 
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interior of each chamber. Each compartment is located beneath a pore which facilitates CO2 
exchange and light transmission (Lee, 2006). 
 
Methods 
 Laboratory methods are described in Chapter 2. 
 
Statistical Analyses 
 Statistical analyses were performed on increase in test area, difference in test weight, 
oxygen and carbon isotope values, and Mg/Ca values. All mean values are shown with their 
standard error of mean (mean ± SEM). Results were considered significant at p <0.05. The 
Anderson-Darling test was used to confirm that data were normally distributed. An analysis of 
variance (ANOVA) general linear model (details in Appendix 4) was used to test the effects of 
culture pH and immersion time on the increase in test area. One-way ANOVA (details in 
Appendix 5) and regression testing were used to test the effect of treatment pH on the difference 
in test weight before and after the removal of organic material. 
A Pearson’s product moment correlation test was used to test the effect of pH on δ13C 
and δ18O of foraminiferal tests and experimental tank water. One-way ANOVA (details in 
Appendix 6) was used to evaluate the Mg/Ca of specimens from the control and treatment tanks. 
All data were analyzed using Minitab 15 statistical software. 
 
Results 
Analysis of growth was performed on specimens (n = 282) from 11 bags that contained 
equal numbers of specimens (~20) before and after the experiment. Pre-experiment and post-
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experiment specimen sizes were ordered by size and the difference was calculated. Bags with 
unequal numbers of specimens before and after the experiment were not used because of the 
inability to identify which specific individuals were missing. When included, bags with missing 
post-experiment diameters generated spurious (e.g., negative) growth results. 
Also, because reproduction kills the progenitor and terminates growth (Muller, 1974), 
bags which contained juveniles (i.e., increased numbers of small foraminifers after the start of 
the experiment) were also excluded from the growth rate calculations; when included, the 
premature termination of growth by the progenitor generated erroneous (e.g., substantially 
underestimates) growth calculations. By week 6, reproduction was observed in all of the control 
treatments, in three-of-six bags from the pH 7.6 treatment, and in four-of-six bags from the pH 
7.8 treatment. 
The changes in area and diameter for replicates of Amphistegina gibbosa are shown in 
Table 4.1. The areas of pre-treatment and post-treatment specimens are shown in Figure 4.1. 
Mean weekly growth rates as a percent increase in the area are shown in Figure 4.2 and were 
calculated by averaging the weekly growth rates of specimens from all bags from tanks with the 
same treatment (e.g., pH = 7.6). 
 
Table 4.1. Summary of Amphistegina gibbosa test growth rates by treatment pH. The pH is 
reported in total scale pH. Absolute growth rates are given in μm2/week (area) and μm/week 
(diameter). Percentage growth rates are relative to the pre-treatment area and diameter. Standard 
deviation (σ) is listed after them mean. 
Treatment pH 
 
 
Number of 
specimens 
Weekly growth 
[area (μm2)] 
Weekly growth 
[area (%)] 
Weekly growth 
[diameter (μm)] 
Weekly growth 
[diameter (%)] 
7.6 
 
64 104,000 (σ = 28,000) 17.9 (σ = 1) 84 (σ = 18) 7 (σ = 1) 
8.0 (7.6 Control) 
 
60 131,000 (σ = 70,700) 23.1 (σ = 0.05) 100 (σ =34) 8 (σ = 1) 
7.8 
 
61 30,000 (σ = 14,000) 6.9 (σ = 3) 26 (σ = 13) 3 (σ = 1) 
8.0 (7.8 Control) 
 
97 16,000 (σ = 4,000) 4.1 (σ = 1) 15 (σ =4) 2 (σ = 0.5) 
 52 
There was a significant effect of treatment pH (F(3,281) = 172, p < 0.001), duration (F(1,281) 
= 25, p < 0.001), and the interaction of treatment pH and duration (F(3,281) = 9, p < 0.001) on the 
size of the foraminifer tests (r
2
 = 72%). Growth in Amphistegina gibbosa by treatment increased 
relative to the control at pH 7.8 (Fig. 4.2) and decreased relative to the control at pH 7.6. The 
weekly increase in test area was 6.9±3% in the pH 7.8 treatment and 4.1 ± 1% in the 
corresponding control set. The weekly increase in size was 17.9 ± 1% in the pH 7.6 treatment 
and 23.1 ± 1% in the corresponding control set. 
 
 
Figure 4.1. Pre- and post-treatment test areas of Amphistegina gibbosa specimens. Binned by pH 
(Treatment) and number of weeks in culture. Foraminiferal test area (vertical axis) is given in 
mm
2
. The mean is represented by a blue circle. The blue bars represent one standard error from 
the mean. 
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Figure 4.2. Mean Amphistegina gibbosa weekly growth rate by treatment. Binned by pH 
treatment. Bars represent one standard deviation from the mean. 
 
The weights of Amphistegina gibbosa (Fig. 4.3) were strongly related to the test diameter 
(weightpost = –0.6 + 0.008 ∙ diameter; p < 0.05, r2 = 91%). An ANOVA comparison  
 
 
Figure 4.3. Amphistegina gibbosa weight (mg) versus diameter (μm). Weights were measured 
using dry, unaltered post-treatment specimens. 
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of the percentage of organic material, by weight, removed from the tests (Fig. 4.4) using the 
oxidation treatment previously described in Chapter 2, found significant differences between the 
pH 7.6 and pH 7.8 treatment, the pH 8.0 control for the pH 7.6 experiment, and the archival 
reference set (from pH 8.1 seawater) (F(3,36) = 13.96, p < 0.001, r
2
 = 53.8%). 
 
 
Figure 4.4. Organic fraction of Amphistegina gibbosa test. Measurements were made after four 
weeks of treatment by weighing individual tests (red) before and after oxidation treatment. The 
pH 8.1 (Reference) set was comprised of specimens from Tennessee Reef that were not used in 
the experiment. Mean represented by blue circle; bars represent one standard error from the 
mean. 
 
There was no significant effect of treatment pH on the δ18O (VPDB) value (Fig. 4.5, n = 
21) of A. gibbosa after 6 weeks (p = 0.6) and no effect of pH on the δ13C (p = 0.3). Mean δ18O of 
the tank seawater (VSMOW) was 1.6‰±0.2; δ13C values were −3.0‰±0.2. A water sample from 
the Dolphin Cove lagoon had δ18O and δ13C values of -3.99 and -1.57‰, respectively. 
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Figure 4.5. Amphistegina gibbosa δ13C and δ18O after six weeks of treatment. The δ values are 
reported in ‰ on the PDB scale. Binned by pH treatment. Bars represent one standard error from 
the mean. 
 
The results of Mg/Ca analyses (n = 24) are shown in Figure 4.6. There was no effect of 
pH on the Schrag-corrected Mg/Ca ratios of A. gibbosa specimens after 6 weeks of culture (F(2,23) 
= 1.23, p = 0.314). The lack of isotopic and Mg/Ca response to varying pH may be related to the 
incorporation of calcite that formed before the experiment. The small size of the specimens, 
combined with the inability to identify pre-experimental test material from the newly-grown 
post-experimental test, led to the unavoidable inclusion of pre-experimental test material into the 
sample, which may have led the lack of any significant difference between the different 
treatments.  
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Figure 4.6. Amphistegina gibbosa test Mg/Ca (mmol/mol) content. Binned by pH treatment. 
Bars represent one standard error from the mean. 
 
Discussion 
A study of Amphistegina gibbosa cultured at two treatment levels of pCO2 induced by 
periodic injection of CO2 into the culture seawater to regulate pH and compared to two sets of 
controls, indicated that higher pCO2 levels impact growth. However, the two control groups (i.e., 
controls for both the 7.6 and 7.8 experiments) exhibited disparate growth rates. To compare the 
impact on the physiological (i.e., growth) and chemical (i.e., stable isotope composition and 
Mg/Ca ratio) response, it is advantageous to normalize the growth rates (see below for additional 
details). In previous work with A. gibbosa at similar light levels, Hallock et al. (1986a) reported 
an optimal growth rate of approximately 80 μm/week, similar to the approximately 90 μm/week 
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growth measured in the pH 7.6 experiments (Table 4.1). The pH 7.8 experiment specimens grew 
at a relatively slower rate of approximately 20 μm/week for both the treatment and control tanks. 
The cause of the consistent difference in the two sets of growth rates (pH 7.8 treatment 
and control compared to pH 7.6 treatment and control) is likely to be related to the timing of the 
experiments (April–May for pH 7.6 and June–July for pH 7.8). There is a well-documented 
increase in the incidence of bleaching in A. gibbosa during summer months (Hallock et al., 1992; 
Williams et al., 1997), and these increased summer levels of solar radiation generate 
photoinhibitory stress (Hallock et al., 2006). This stress initially affects the diatom 
endosymbionts and eventually leads to the breakdown of the cytoplasm (Talge & Hallock, 1995), 
potentially resulting in reduced growth (Williams & Hallock, 2004). An increase in bleaching 
rates from winter levels of 25% begins in March and peaks in July, when almost 60% of the 
population displays signs of symbiont loss (Williams et al., 1997). The low-growth rate pH 7.8 
samples were gathered in May; that experiment took place in June and July. The higher-growth 
pH 7.6 samples were gathered in March; that experiment took place in April and May. Although 
the culture tanks were subject to a fluorescent 12 hr light-dark cycle, they were located near a 
window and received incidental sunlight during the afternoon. The consequent increased photo-
inhibitory stress from higher levels of irradiance during the June–July pH 7.8 experiment may 
have led to the lower growth rates exhibited by both the treatment and control sets. Archaias 
angulatus, a taxon with no documented photo-induced bleaching, was cultured in the same tanks 
during each experiment and showed no statistical difference in the growth of their control sets 
(Table 3.1). 
Because the pH 7.6 results agree with previously reported optimal growth rates and the 
pH 7.8 weekly growth percentages for area and diameter are both lower than expected, lower 
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values were normalized relative to the pH 7.6 control growth to evaluate the effects of increased 
CO2. The 7.6 control weekly growth rate (%) was divided by the 7.8 control group weekly 
growth rate (%) to calculate a normalization factor; the pH 7.8 treatment and control weekly 
growth percentages were then multiplied by the normalization factor. Normalized growth rates 
(%) for area and diameter are reported in Table 4.2 and presented in Figure 4.7. 
 
Table 4.2. Normalized Amphistegina gibbosa growth rates. Growth rates normalized by pH 7.6 
control values. Percentage growth rates are relative to the pre-treatment area and diameter. 
Standard deviation (σ) is listed after the mean. Organic fraction is percentage of weight lost after 
oxidation; organic fraction of pH 8.1 reference set was 9.7%. 
Treatment pH 
 
 
Weekly growth 
[diameter (%)] 
Weekly growth 
[area (%)] 
Normalized weekly 
growth [diameter (%)] 
Normalized 
weekly growth 
[area (%)] 
 
Organic 
fraction (%) 
7.6 
 
7 (σ = 1) 17.9 (σ = 1) 7 17.9 4.6 
7.8 
 
3 (σ = 1) 6.9 (σ = 3) 11.5 38.9 8.8 
8.0 (7.6 Control) 
 
8 (σ = 1) 23.1 (σ = 0.05) 8 23.1 7.1 
8.0 (7.8 Control) 
 
2 (σ = 0.5) 4.1 (σ = 1) 8 23.1 7.1 
 
The nonlinear parabolic growth response, featuring a significantly higher growth rate of 
Amphistegina gibbosa at the intermediate CO2 treatment (800 ppm) and significantly lower 
growth at the high CO2 level (1300 ppm) compared to the control (480 ppm), is similar to results 
obtained in a recent study by Fujita et al. (2011). Their experimental protocol was similar to this 
study (e.g., CO2 injection, specimens enclosed in a cage within a larger aquaria), although there 
were differences (e.g., they did not feed Foraminifera and used individuals from a single brood). 
In a study of Baculogypsina sphaerulata and Calcarina gaudichaudii, Fujita et al. (2011) found 
that two rotalid species with diatom endosymbionts (Table 5.1) had higher growth at 
intermediate CO2 treatment concentrations (580–770 pm) than at ambient (360 ppm) or high 
(970 ppm) concentrations. A study of A. gibbosa by McIntyre-Wressnig et al. (2013) reported no 
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relationship between growth and increased CO2 levels. However, they documented a higher 
incidence of test degradation and dissolution as CO2 increased. McIntyre-Wressnig et al.’s 
experimental protocol differed from this study (e.g., specimens were placed individually in 
1.7 mL wells which were stored in a CO2 incubator; weekly evaporation of water led to 5‰ 
changes in salinity in the 1.7 mL wells). 
Higher growth rates (Fig. 4.7) in A. gibbosa are associated with an increasing fraction of 
organic material (Fig. 4.4) as shown in Table 4.2. This organic fraction consists of the  
 
Figure 4.7. Normalized Amphistegina gibbosa weekly test growth rate. Weekly growth (%) 
normalized by pH 7.8 control values. Binned by pH treatment. 
 
ectoplasm (feeding, growth, and motility), the endoplasm (houses the endosymbionts, lipid 
storage, and reproduction), and the diatom endosymbionts (Williams & Hallock, 2004). Tests 
from the reference set, which were collected in March from pH 8.1 seawater, had the highest 
organic content (10%). Because these specimens grew in natural conditions, they presumably 
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developed at the highest optimal rate. Of the three experimental treatments, the pH 7.6 treatment 
tests exhibited the lowest growth rates and the lowest organic content (5%), the pH 7.8 tests had 
the highest normalized growth rates and organic content (9%), and the pH 8.0 control treatment 
had intermediate growth rates and organic content (7%). The relation between higher growth rate 
and an increased organic fraction can be explained using a model initially proposed by 
McConnaughey (1989). 
 
Modeling the Response of Amphistegina gibbosa to Ocean Acidification and its Consequences 
 McConnaughey & Whelan (1997), expanding on McConnaughey’s (1989) initial 
formulation, proposed that calcification by symbiotic organisms can promote photosynthesis, as 
described by two reaction steps that form a net equation: 
 
 Ca2+ + HCO3− ==> CaCO3 + H
+  (calcification)  (4) 
 H+ + HCO3
− ==> CH2O + O2  (photosynthesis) (5) 
 Ca2+ + HCO3
− ==> CaCO3 + CH2O + O2  (net reaction) (6) 
 
The protons (H
+
) produced by the host during calcification generate an increased concentration 
of internal CO2, which endosymbionts, in turn, can access for photosynthesis. Because this 
reaction is neutral in regard to H
+
 and CO2, the reaction ultimately does not affect the internal pH 
of the host. Such a pH-neutral reaction is advantageous to the host organism’s bioregulation 
(McConnaughey & Whelan, 1997). 
The McConnaughey model (1989) can be used to explain the growth rates and the 
organic fraction resulting from the Amphistegina gibbosa culture experiment (Table 4.3). At CO2 
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concentrations of approximately 480 ppm, corresponding to a pH of 8.0 and Ωc = 4.5, the CO2 
produced by the host’s calcification is an important source of CO2 for endosymbiotic 
photosynthesis. The growth of A. gibbosa is moderately constrained because HCO3
−
 from the 
high-pH internal carbon pool containing CO3
2−
 and HCO3
−
 (ter Kuile et al., 1989) is used both 
for calcification of the test and for production of the organic fraction (i.e., the ectoplasm, 
endoplasm, and endosymbionts). 
Growth is enhanced as CO2 increases from a low concentration of 400 ppm to an 
intermediate concentration of 800 ppm, corresponding to a seawater pH of 7.8 and Ωc = 3.26. 
Increased concentrations of CO2 and HCO3
−
 become available for photosynthesis (Fig. 1.2) 
whereas CO3
2−
 concentrations, as expressed by the Ωc, are sufficiently high so as to not restrict 
calcification of the test. The high-pH internal carbon pool containing CO3
2−
 and HCO3
−
 (ter 
Kuile et al., 1989) is used primarily for calcification of the test. The mass of the organic fraction 
is higher relative to the mass of the calcified test than at lower CO2 concentrations, indicating 
that the host has a surplus of energy to devote to organic growth. The endosymbionts are no 
longer dependent on CO2 produced by calcification according to the McConnaughey model. 
 Growth is reduced slightly as CO2 increases to concentrations of 1,300 ppm, 
corresponding to a seawater pH of 7.6 and Ωc = 2.06. The high ambient CO2 concentration 
ensures a surplus of CO2 for endosymbiotic photosynthesis, but the growth of the test is 
constrained by an insufficient concentration of CO3
2−
, as expressed by the relatively low Ωc. The 
mass of the organic fraction declines as the host is forced to divert energy from the maintenance 
of the endoplasm to maintenance of a high-pH internal carbon pool in an environment with a 
lower ambient pH. 
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Table 4.3. Summary of Amphistegina gibbosa response to CO2. The pCO2(air) values are in ppm. 
The pH is reported as total scale. The Ωc is the saturation state of calcite. The growth rate is the 
weekly increase in test diameter (%). The organic fraction is the % of the foraminiferal weight 
that is organic. 
pCO2 pH Ωc Growth 
rate (%) 
Organic 
fraction (%) 
 
Interpretation 
Low (480 ppm) 8.0 4.5 Moderate (8) Moderate (7) Calcification and organic growth are constrained 
by HCO3
− reservoir which is shared by host and 
endosymbiont. 
 
Intermediate (800 ppm) 7.8 3.3 High (11) High (9) Increased concentration of ambient CO2 is 
available to endosymbiont. HCO3
− reservoir used 
primarily by host. Ambient pH does not impede 
maintenance of internal carbon pool. 
 
High (1,300 ppm) 7.6 2.1 Low (7) Low (5) Increased concentration of ambient CO2 is 
available to endosymbiont. Decreased 
concentration of ambient CO3
2− for calcification 
and lower ambient pH cause host to divert energy 
from growth of organic material to maintenance 
of internal carbon pool. 
 
 
 These experimental results support Hallock’s (2000) hypothesis that higher levels of 
anthropogenic CO2 are less detrimental to some rotalid foraminifers with diatom symbionts. By 
contrast, non-diatom bearing miliolids, such as Archaias angulatus, discussed in Chapters 3 and 
5, reduce their growth rates under high CO2 conditions. The rotalid Amphistegina gibbosa shows 
an increased ability to grow, an important component of fitness (Orr, 2009), at intermediate CO2 
concentrations (800 ppm) compared to growth at current (400 ppm) concentrations. Growth at 
high CO2 concentrations (1,300 ppm) is decreased slightly compared to growth at current (400 
ppm) concentrations. The probability of survival of large benthic foraminifers, such as Am. 
gibbosa, is size-specific (Muller, 1974; Zohary et al., 1980; Hallock, 1985). When growth rates 
are constant, this size-specific probability is also age-dependent (Hallock, 1985). Faster-growing 
foraminifers can rapidly “grow through” the high-mortality juvenile stage, and if the 
reproductive timing does not change (i.e., reproduction takes place after a fixed period of 
development rather than upon attaining a minimum size), can grow to a larger size by the time of 
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reproduction, the effect of which is to produce more offspring, as explained below (Hallock, 
1985).  
Hallock (1985) observed that the reason larger foraminifera become large is because 
mortality rates decreased with size; smaller Foraminifera exhibited high rates of mortality and 
less than 0.5% of juveniles survive to reproduce (Hallock et al., 1986b; Murray, 1991). High 
foraminiferal growth rate confers a number of advantages including increased accommodation 
space for the associated endosymbionts; more rapid attainment of sufficient mass to survive in a 
turbulent environment; an increase in fecundity; and a potentially protective size advantage 
against predators (Dawkins & Krebs, 1979; Hallock, 1985). A reduced growth rate may 
negatively impact individuals relative to these factors and would likely result in a reduced 
standing crop (i.e., population density). Because carbonate production, discussed in Chapter 5, is 
directly affected by both individual foraminifer growth and the standing crop, a simultaneous 
decrease could decrease the rate of carbonate production. 
The results of this study indicate that, at intermediate [CO2] (i.e., 800 ppm), the fitness, 
and therefore, abundance of A. gibbosa may increase relative to current abundances; there 
appears to be a threshold in [CO2] (i.e., 1,300 ppm), however, where the growth, abundance, and 
fitness decrease. When these results are combined with similar trends noted in experiments on 
two other diatom-bearing rotalid species (Fujita et al., 2011), it is reasonable to project a pattern 
of initial rotalid success with moderate increases in CO2. These foraminifers were exceptionally 
successful in the high-CO2 Paleocene-Eocene interval (Beavington-Penney & Racey, 2004).  
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CHAPTER FIVE: 
 
IMPACT OF OCEAN ACIDIFICATION ON LARGE BENTHIC FORAMINIFERAL 
SEDIMENT PRODUCTION ON THE WEST FLORIDA SHELF 
 
 
Introduction 
The carbonate chemistry of seawater has changed and is changing in response to the 
absorption of increasing quantities of anthropomorphically influenced atmospheric CO2 
(Caldeira & Wickett, 2003). Increased concentration of CO2 in seawater results as the carbonate 
system re-equilibrates to atmospheric concentrations ultimately lowering the pH and the calcite 
saturation state (Ωc) (Kleypas & Langdon, 2006). Since the preindustrial era, the mean Ωc has 
declined from 5.3 to 4.5 and the pH has declined from 8.16 to 8.06 (Riebesell et al., 2010). A 
CO2 concentration of 800 ppm, below the expected level of 985 ± 97 ppm in 2100 modeled by 
the IPCC RCP8.5 emission-driven simulation (IPCC, 2013), will result in a seawater pH of 7.8 
and a Ωc of 3.3 (Table 2.1). At a concentration of 1,300 ppm CO2, the seawater pH decreases to 
7.6 and the Ωc drops to 2. 
A change in the size, abundance, and competitive success of large benthic Foraminifera 
(LBF) can lead to expansions or contractions of their biogeographic ranges (Langer et al., 2012) 
as well as a restructuring of taxonomic assemblages (Dias et al., 2010). Furthermore, an 
alteration in test size impacts the grain size of the sediments contributed by LBF; such a change 
could affect local processes of sediment transport and accumulation (Force, 1969). A change in a 
foraminifer’s adult size of affects the mass of calcite in its test, and therefore alters the amount of 
carbon it deposits on the seafloor (Langer et al., 2007). When such individual effects are 
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multiplied by the standing crop and the area of the carbonate zone, significant changes in 
regional carbon-cycle processes may occur. 
This chapter describes the efforts to model the impact of increased CO2 and concomitant 
decrease in Ωc on the production of carbonate by LBF on the west Florida shelf (WFS). The 
distribution of existing carbonate sediments, inferred seawater Ωc, and calculated growth rates of 
rotalids and miliolids, were combined to estimate the effect of decreased Ωc on the carbonate 
production of LBF on the WFS. Because this group of protists contributes 5% to the shallow-
marine carbonate budget and approximately 2.5% of oceanic carbonate (Langer, 2008), changes 
in their patterns of growth may have significant ecological, sedimentary, and carbon-cycle 
impacts. 
 
Impact of Ocean Acidification on Large Benthic Foraminifera 
A number of studies have investigated the impact of increased CO2 concentration on the 
growth of miliolids and rotalids (summarized in Keul, 2013). Summaries of the studies are 
provided below and the growth results reported by these studies are compiled in Table 5.1. A 
quantitative analysis of these results is presented in Table 5.5. 
In general, a positive correlation was reported between increased CO2 concentration and the 
growth rate of rotalids (e.g., Knorr, 2014 [this study], Fujita, 2011); conversely, there was a 
negative correlation between increased CO2 concentration and the growth rate of miliolids (e.g., 
Knorr, 2014 [this study]; Reymond et al., 2012). A number of other studies (summarized in Keul 
et al., 2013) on the impact of ocean acidification on LBF have been made, but were not reported 
in a manner that permitted the extrapolation of growth rates. To supplement Table 5.1, brief 
descriptions of pertinent methods and parameters for each study are provided in the next section.  
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Table 5.1. Summary of laboratory studies documenting LBF response to CO2. Growth response 
refers to overall trends documented in each study. The term “high pCO2” refers to the highest 
treatment used in each study, typically in excess of 1000 ppm; intermediate pCO2 concentrations 
were approximately 700 ppm; control pCO2 concentrations were approximately 400 ppm. 
Species Order Symbiont Growth response Study 
Amphistegina 
gibbosa 
 
Rotaliida 
 
Diatom 
 
Higher at intermediate 
pCO2, lower at high pCO2 
 
Knorr, 2014 (this 
study) 
 
Amphistegina 
gibbosa 
 
Rotaliida 
 
Diatom 
 
No response noted McIntyre-Wressnig et 
al., 2013 
 
Amphistegina 
radiata 
 
Rotaliida 
 
Diatom 
 
No response noted Vogel & Uthicke, 
2012 
 
Baculogypsina 
sphaerulata 
 
Rotaliida 
 
Diatom 
 
Higher at intermediate 
pCO2, lower at high pCO2 
Fujita et al., 2011 
 
Calcarina 
gaudichaudii 
 
Rotaliida 
 
Diatom 
 
Higher at intermediate 
pCO2, lower at high pCO2 
 
Fujita et al., 2011 
 
Heterostegina 
depressa 
 
Rotaliida 
 
Diatom 
 
No response noted Vogel & Uthicke, 
2012 
 
Archaias 
angulatus 
 
Miliolida 
 
Chlorophyte 
 
Lower at high CO2 Knorr, 2014 (this 
study) 
 
Amphisorus 
hemprichii 
 
Miliolida 
 
Dinoflagellate 
 
Higher at intermediate CO2 
 
Fujita et al., 2011 
 
Marginopora 
kudakajimensis 
 
Miliolida 
 
Dinoflagellate 
 
Lower at highest CO2 Kuroyanagi et al., 
2009 
 
Marginopora 
rossi 
 
Miliolida 
 
Dinoflagellate 
 
Lower at high CO2 Reymond et al., 2012 
 
Marginopora 
vertebralis 
 
Miliolida 
 
Dinoflagellate 
 
Lower at high CO2 Uthicke et al., 2012 
 
Marginopora 
vertebralis 
 
Miliolida 
 
Dinoflagellate 
 
No response noted Vogel & Uthicke, 
2012 
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Review of Studies used in Meta-Analysis 
Amphistegina gibbosa and Archaias angulatus: Knorr, 2014 (this study) 
  A six-week study was conducted by submerging mesh bags, each containing 20 
individuals of the same species, in six 38 L sealed glass aquaria filled with WFS seawater 
adjusted to a constant alkalinity of 2325 μmol/kg. Target CO2 concentrations (480 ppm, 800 
ppm, 1300 ppm) were achieved using an automated pH-controlled CO2-injection apparatus that 
periodically injected CO2 into the tank headspace. This CO2 was mixed with the water by means 
of a submersible aerator. The injection apparatus pH probes were calibrated 1 to 2 times weekly 
relative to concurrent total-scale pH spectrophotometric measurements (Clayton & Byrne, 1993). 
Spectrophotometric analyses of tank pH (total scale) and total alkalinity (AT) were performed 
one to two times a week and water chemistry was adjusted as necessary (Clayton & Byrne, 1993; 
Yao & Byrne, 1998). Nutrition (i.e., algae) was provided for the foraminifers. Growth was 
assessed by measuring the diameter and area of specimens before and after the experiment. 
 
Amphistegina gibbosa: McIntyre-Wressnig et al., 2013 
A six-week study was conducted by placing individuals in 1.7 ml well-plate depressions 
filled with seawater and then placing the well-plate in an elevated-CO2 incubator. Target CO2 
concentrations (400 ppm, 1000 ppm, 2000 ppm) were achieved by periodic feedback-controlled 
injection of CO2 gas into the headspace. The AT and dissolved inorganic carbon (CT) were 
measured four times during the course of the experiment by measuring seawater from an open 
proxy container stored in the incubator with the specimens. Evaporated seawater (~7%/week) 
was replaced with deionized water each week; weekly salinity variations of 5‰ were noted. 
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Nutrition was provided for the Foraminifera. Growth was assessed by measuring the area of 
specimens before and after the experiment. 
 
Amphistegina radiata, Heterostegina depressa, and Marginopora vertebralis: Vogel & Uthicke, 
2012 
A six-week study was conducted by placing individual specimens in the depressions of 
mesh-covered well-plates in twelve 17.5 L glass aquaria. Four CO2 header tanks circulated 
treated seawater to the aquaria. Target CO2 concentrations (467 ppm, 784 ppm, 1169 ppm, 1662 
ppm) were achieved using an automated pH-controlled CO2-injection apparatus which 
periodically injected CO2 into the header tanks. The CO2-injection apparatus was informed by 
pH probes (NIST scale calibration). Spectrophotometric analyses of tank pH and alkalinity were 
performed one to two times a week. Ten additional measurements of AT and CT were made 
during the course of the experiment. Nutrition was not provided. Growth was assessed by 
measuring the diameter and area of specimens before and after the experiment. 
 
Baculogypsina sphaerulata, Calcarina gaudichaudii, and Amphisorus hemprichii: Fujita et al., 
2011 
A 12-week study was conducted by submerging cages, each containing 120 specimens 
(40 of each species, each from the same brood), in 10 water baths. Target CO2 concentrations 
(260 ppm, 360 ppm, 580 ppm, 770 ppm, 970 ppm) were achieved using a high-precision CO2-
control system, which continuously bubbled CO2 into sumps that provided water for the various 
baths. Total-scale pH and AT measurements were performed two times a week. Nutrition was not 
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provided for the Foraminifera. Growth was assessed by measuring the diameter and weight of 
specimens before and after the experiment. 
 
Marginopora kudakajimensis: Kuroyanagi et al., 2009 
A 10-week study was conducted by placing approximately 30 individuals from the same 
asexual brood in 110 ml glass jars and then storing the jars in a water bath. Target CO2 
concentrations (270 ppm, 390 ppm, 560 ppm, 1000 ppm) were achieved by adjusting NBS scale 
pH of seawater with 0.1 N HCl, or NaOH. Carbonate system parameters were not measured and 
pH varied by up to 0.24 units. Nutrition was not provided for the Foraminifera. Growth was 
assessed by measuring the diameter and weight of specimens during and after the experiment. 
 
Marginopora rossi: Reymond et al., 2012 
A five-week study was conducted by placing five specimens in 36 cylindrical 500 ml 
tanks. Target CO2 concentrations (380 ppm, 700 ppm, 1100 ppm) were achieved by bubbling 
CO2 through seawater until it stabilized at the desired pH level (NBS scale), measured with a 
portable pH meter. This seawater was then used to fill the tanks. The AT and CT were measured 
two times per week. Nutrition was not provided for the Foraminifera. Growth was assessed by 
measuring the surface area of specimens before and after the experiment. 
 
Marginopora vertebralis: Uthicke et al., 2012 
A 24-hour study was conducted by placing five specimens in each of twelve 50 ml vials. 
Target CO2 concentrations (330 ppm, 420 ppm, 1280 ppm, 1570 ppm) were achieved by 
bubbling CO2 through seawater until the desired pH was achieved and then adding the water to 
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the vials. The pH was measured using a probe calibrated with Dickson’s pH standard. The AT 
was measured by titration and the CT was measured coulometrically. Calcification was measured 
using an alkalinity anomaly method where the treatment’s AT was measured before and after the 
experiment; the difference in AT was assumed to have been deposited by the calcifiers and was 
used to calculate the mass of newly grown CaCO3. Nutrition was not provided. 
 
West Florida’s Depositional Environments 
Although the general trend of decreased LBF growth at higher CO2 concentration is 
interesting (Table 5.1), an individual foraminifer’s growth and development is of little 
consequence. However, when LBF are present, the density of living individuals within an area is 
typically 10
4
/m
2
 (Table 5.2). When this density is multiplied by the area of available habitat, the 
effect of reduced individual growth results in reduced regional carbonate production. 
 
Table 5.2. Summary of large benthic foraminiferal carbonate productivity. Density is the number 
of adults of a single species in 10
4
/m
2
. Carbonate production is the amount of carbonate 
produced in g/m
2
/yr by members of a single species. Values were generated by averaging 
numbers reported by Hallock et al. (1986b). Standard deviation (σ) is shown parenthetically. 
Order Density 
(10
4
/m
2
) 
Carbonate production 
(g/m
2
/yr) 
 
Rotalid 
 
20 (σ 20) 300 (σ 200) 
Miliolid 
 
3 (σ 2) 100 (σ 50) 
 
The west Florida shelf (WFS), shown in Figure 1.6, contains three distinct regions (Hine 
et al., 2003). The region north of 28° is termed the Big Bend Coast, an open-marine area with a 
coastline dominated by salt-marshes (Wright et al., 2005). The central region is designated as the 
West-Central Shelf, a broad, sediment-starved, low-gradient shelf (Brooks et al., 2003). The 
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region south of 26° consists of the Florida Keys Carbonate Zone, which encompasses the Florida 
Keys coral reefs, Florida Bay, and the southern carbonate-rich portion of the western shelf. 
The Big Bend Coast is bounded to the north and east by the salt-marsh dominated 
coastline between the Apalachicola River and the Indian Rocks headland near Tampa (Locker et 
al., 2009) and to the west by the edge of the Florida Platform. Freshwater from the Suwannee 
River and a number of large springs sustains a near-shore population of oyster bioherms. The 
seafloor consists of a karstic limestone bedrock partially covered by a patchy veneer of silt and 
mud (Wright et al., 2005), with a carbonate content which increases from <25% near the 
Suwannee delta to >90% in a distance of approximately 100 km (Doyle & Sparks, 1980). At a 
depth of 45 m near the western limit is the Florida Middle Ground, a cluster of high-relief (15 m) 
carbonate banks which form two 30-km parallel ridges separated by a flat 7-km valley (Parker, 
1982; Jaap & Hallock, 1990; Brooks & Mallinson, 2009). 
The West-Central Shelf (WCS) is a broad, sediment-starved, low-gradient shelf with 
mixed carbonate-siliciclastic sediments covering a partially exposed karstified limestone surface 
(Obrochta et al., 2003). In the northern portion, exposed karstified limestone bedrock displays a 
series of eroded terraces, sinkholes, and scarps, which collectively support a diverse benthos 
(Hine & Locker, 2009), including red algae, Halimeda, and sponges (Obrochta et al., 2003). An 
8-m-thick sheet of relict sand near Tampa Bay is characterized by a series of well-defined 
oblique 2 m to 4 m high sand ridges, which are hundreds of meters long and extend 2 km to 25 
km from the coast (Harrison et al., 2003). Geomorphic relief is less pronounced in the central 
and southern portions of the WCS; ridges are more diffuse and sand ridges become broader 
(Twichell et al., 2003). Phillips et al. (1990) reported an average of 31% coverage by dense 
epifauna (e.g., sponges, stony corals, calcified macroalgae, seagrass) of the seafloor of the 
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southern portion of the WCS, with higher percentages at depths of 10–20 m (41%) and 70–90 m 
(48%). The majority of sediments consist of areas with at least 75% carbonate particles. 
The northern portion of the Florida Keys carbonate zone consists of a broad plain of fine 
carbonate sediments (Phillips et al., 1990), which transitions to a carbonate platform to the south. 
Seagrass, primarily Thalassia testudinum, covers approximately 80% of the Florida Keys region 
(Fourqurean et al., 2001) and is associated with abundant miliolid LBF (e.g., Archaias angulatus, 
Cyclorbiculina compressa, and Laevipeneroplis spp.) (Hallock & Peebles, 1993; Baker et al., 
2009). Seagrass epibionts (e.g., red algae, serpulid worms) are an important source (20 g/m
2
-yr) 
of regional carbonate production (Nelsen & Ginsburg, 1986). Ephemeral meadows of Halophila 
decipiens seagrass have been recorded to 20 m depths, although the theoretical depth limit of 
seagrasses, a function of water transparency, is approximately 90 m (Duarte, 1991). Seagrasses 
of all types may cover over 30,000 km
2
 of the WFS (Hammerstrom et al., 2006). 
The Florida Keys reef tract consists of bank and patch reefs (Marszalek et al., 1977). 
Patch reefs are typically dome-shaped, high-relief (up to 9 m) features 10s to 100s of meters in 
size. There are over 6,000 patch reefs in the Florida Keys region, encompassing a total area of 
approximately 45 km
2
 (Lirman & Fong, 2007). The 20-m-deep Dry Tortugas carbonate banks 
(Mallinson et al., 2003) and the 60–80 m deep Pulley Ridge hermatypic reef system (Jarrett et 
al., 2005) are located in the southwestern portion of the Florida Keys.  
 
Distribution of Large Benthic Foraminifera in West Florida 
 The annual range of temperature and salinity controls carbonate sedimentation to such a 
degree that diagrams of their interaction (Lees, 1975) can be used to broadly characterize 
skeletal-grain associations (i.e., foramol, chlorozoan, chloralgal). Langer & Hottinger (2000) 
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note that the 15 °C winter isotherm is the primary control on LBF latitudinal ranges. The 
moderate seasonal variation in water temperature and salinity on the west Florida shelf (e.g., 
station data in Robbins, 2014a) at values favorable to LBF documents that neither controls the 
regional distribution. However, the availability of a low-nutrient substrate (Hallock & Glenn, 
1986) and sufficient light (Walker et al., 2011) are important constraints.  
Parker (1982) reported that Amphistegina formed 37.5% and miliolids formed 33% of the 
30–35 m deep Florida Middle Ground foraminiferal assemblage. Poag (1981) shows the 
presence of a broad belt of the LBF rotalid Asterigerina and unspecified soritids in the Big Bend 
region. On the WFS, there is a pattern of a lower miliolid:rotalid ratio (i.e., 3) to the north with a 
higher ratio (i.e., 6) to the south (Bandy, 1956; Parker, 1982; Hallock et al., 2011). 
In a multi-transect study of the west-central shelf, Bandy (1956) reported abundant 
Archaias angulatus from 0–15 m, Asterigerina carinata between 15 m and 30 m, and 
Amphistegina lessonii (probably synonymous with Amphistegina gibbosa) to 120 m. He also 
documented a gradual increase in the weight percentage of benthic foraminifers in sediments to 
the edge of the shelf. Parker (1982) noted that Bandy’s west-central shelf abundances were 
remarkably similar to those of the Florida Middle Grounds. A number of recent studies report 
similar trends and observations (Poag, 1981; Obrochta et al., 1998; Hallock et al., 2010). 
Parker (1982) reported that in the 20-m-deep Tortugas Bank assemblage, Amphistegina 
and Asterigerina, another rotalid that hosts diatoms, formed approximately 25% of the 
foraminiferal assemblage and miliolid LBF formed approximately 48% of the assemblage. In a 
study of 10-30-m deep reef-rubble in the Florida Keys, Baker et al. (2009) reported the presence 
of 11 LBF species, most commonly the diatom-bearing rotalid Am. gibbosa followed by the 
chlorophyte-bearing miliolid Laevipeneroplis proteus. In a regional study of south Florida 
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carbonates encompassing both Florida Bay and the Florida Keys reef tract, Lidz & Rose (1989) 
reported a general dominance of miliolids, followed by rotalids. Cockey et al.’s (1996) study 
reported a substantial decline in the relative abundance of LBF between 1959 and 1991, possibly 
linked to higher nutrient flux, and coinciding with a possible increase in the abundance of 
smaller non-symbiont-bearing miliolids and rotalids. 
 
Estimates of Large Benthic Foraminiferal Sediment Production 
Seawater temperature and salinity exert a primary control on carbonate sedimentation 
rates (Lees & Buller, 1972; Lees, 1975) and can be used to model skeletal-grain associations 
(Lees, 1975). In turn, vertically-tiered stationary biota (e.g., seagrass, coral) influence biotic 
recruitment, including of calcifiers (Eckman, 1983; Nelsen & Ginsburg, 1986), and, by 
increasing flow resistance (Nowell & Church, 1979), limit the rate and restrict the magnitude of 
sediment transport (Nepf & Vivoni, 2000). These processes collectively encourage the 
production and retention of autochthonous sediments. However, taphonomic processes, which 
act to reduce the accumulated mass of a carbonate assemblage relative to the living assemblage, 
may lead to an underestimation of a sediment’s carbonate fraction (Murray, 2000). The 
correlation of calcite solubility with increased Mg content (Tucker & Bathurst, 1990) leads to the 
rapid and widespread diagenesis of high-Mg calcite to low-Mg forms (Reid & Macintyre, 1998), 
resulting in a net loss of 3% of the accumulation flux (Rude & Aller, 1991; Shiller, 1997). 
In a study of sediment production in Key Largo Sound, Hallock et al. (1986b) estimated 
Archaias angulatus carbonate production on shallow carbonate shelves at 60 g/m
2
/yr, based on a 
winter abundance of 5 x 10
3
 individuals/m
2
 and a summer abundance of 15 x 10
4 
individuals/m
2
. 
The same study summarizes reported production values for several species of rotalids and 
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miliolids. The average composite values for each group are shown in Table 5.2. In a broader 
study, Langer (2008) estimated that LBF produce 43 million tons of carbonate production 
annually, representing 5% of the global reef carbonate budget and approximately 1% of modern 
oceanic carbonate production; the LBF of the Caribbean province produce approximately 4 
million tons/yr of carbonate (Langer et al., 1997). Approximately 80% of LBF carbonate 
production accumulates as sediment (Langer, 2008); for example, of 43 Mt of carbonate 
produced, 35 Mt accumulates as calcareous sediment.  
 
Methods 
Overview 
To model the impact of decreased Ωc on LBF carbonate production in a given region, 
several types of data are needed. The minimum data necessary include: 
1. The types (e.g., rotalid, miliolid) of LBF living in the region, the relationship between 
seawater Ωc and their growth rates, the standing crop (i.e., population density), and the frequency 
and fecundity of reproduction (Muller, 1974). 
2. The areal extent of potential LBF habitats. Individual species of LBF are often 
associated with certain habits; for example, Androsina lucasi is found in shallow mangrove-flats, 
Archaias angulatus is associated with Thalassia testudinum, and Amphistegina gibbosa is 
associated with reefs (Lidz & Rose, 1989; Hallock & Peebles, 1993). If the sedimentary 
carbonate fraction of areas is known, then the autochthonous origin of carbonate deposits 
(Flügel, 2004) supports the assumption that areas with a high fraction of carbonate sediments 
may support ecological communities with high carbonate productivity, including LBF. 
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3. Measurements of seawater properties including temperature, salinity, and Ωc. To 
calculate the Ωc, two carbonate system parameters (e.g. AT, DIC, pH, and pCO2) are required. 
Using established geographic information systems (GIS) tools (Theobald, 2007), a study 
area representing a broad portion the WFS was delineated (Fig. 5.1). Then, a map of the 
distribution of carbonate sediments on the seafloor was interpolated and compared to three 
interpolated maps of WFS Ωc, corresponding to [CO2] at 400 ppm, 800 ppm, and 1,300 ppm. 
Using the results of this comparison, the mean Ωc of low (< 33%), medium (33–66%), and high 
(> 66%) carbonate zones was calculated. 
A meta-analysis of previous studies of the effect of increased [CO2] on 11 species of LBF 
was performed, resulting in a calculation of the overall effect of increased CO2 on the growth 
rates of rotalid and miliolid LBF (Table 5.5). Combining the predicted LBF growth rates with the 
areas of carbonate zone Ωc resulted in an estimate of WFS LBF carbonate production. 
Values are shown with the standard error of mean (mean ± SEM) or the standard 
deviation of the mean (mean [δ]). Spatial analyses were made with ArcGIS 10.1 (ESRI, 2012); 
statistical analyses were made using Minitab 15 software. Results were considered significant at 
p<0.05. Geospatial statistics are located in Appendices 7 and 8.  
 
GIS Methods 
Defining the Study Area 
The study area (Fig. 5.1) was delineated by outlining the documented range of rotalids 
and miliolids on the WFS, as previously described. The western boundary was set at the 100 m 
contour, slightly deeper than the 90 m depth limit of seagrass (Duarte, 1991), the base of the 
photic zone (Gould & Stewart, 1955), and the approximate depth limit of symbiont-bearing 
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rotalids (Langer & Hottinger, 2000). The northern boundary was defined along the boundaries 
given by Poag (1981) and the brackish Big Bend salt marshes. The eastern boundary was set 
along Florida’s western coastline. The southern boundary was delimited as the southern edge of 
the Florida Keys. The study area boundary encompasses approximately 111,500 km
2
. 
 
 
Figure 5.1. West Florida shelf and study area. Study area (115,000 km
2
) is the region used in 
model development. 
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Spatial Extent of Carbonate Sediments on the WFS 
 The data points (Fig. 5.2) used for the carbonate map interpolation consist of a subset (n 
= 4751) of regional U.S. Geological Survey (USGS) usSEABED data (Buczkowski et al., 2006). 
Only points in or near the study area that had a positive value in the “Carbonate” field of the 
extracted data were used in the interpolation. The “Carbonate” value represents the percentage of 
carbonate in sediment samples gathered at that point. Additional points (n = ?) from Hallock et 
al. (2010) were added to this subset. 
 The carbonate map (Fig. 5.3) was interpolated at a level of 1000 m
 
x 1000 m cells using 
the natural neighbor interpolation method (Sibson, 1981; reviewed in Sukumar, 2001). Natural 
neighbor interpolation, which uses a local approach (Lo & Yeung, 2002), calculates the target 
cell’s value using an area-weighted average of surrounding data points and generates a smooth, 
conservative estimate. The resulting interpolation was simplified by reclassifying the carbonate 
fraction (%) into three zones of low (< 33%), medium (33–66%), and high (> 66%) carbonate 
content; areas were then calculated for each zone (Table 5.3). 
 
Table 5.3. Areas of west Florida shelf carbonate zones. Three zones of sediments are defined by 
the carbonate (%) content. The area (km
2
) is the extent in km
2
 of each zone. The area (%) is the 
portion of the 111,500 km
2
 study area covered by each zone. 
Carbonate (%) 
 
Carbonate zone 
 
Area (km
2
) Area (%) 
0 - 33 
 
1 – low 10,276 
 
9% 
33 - 66 
 
2 – medium 34,240 
 
31% 
66 - 100 
 
3 – high 67,032 
 
60% 
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Figure 5.2. Location of water and sediment samples. Water and sediment points were used for 
model development. Shades of blue represent 10 m contours to 100 m. 
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Figure 5.3. Estimated current carbonate content of the west Florida shelf sediments. Carbonate 
fraction (%) is binned into three categories based on percentage of carbonate. Bathymetric 
contours at 10, 30, 50, and 100 m. 
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Spatial Extent of Ωc on the WFS 
 The data points used to generate the Ωc map interpolations (Fig. 5.2) consisted of discrete 
seawater carbonate system measurements (n = 183) from several recent USGS reports (Robbins 
et al., 2009a, 2009b, 2010, 2014a, 2014b), supplemented by other recently reported data 
(Gledhill et al., 2008; Manzello et al., 2012). Three iterative CO2sys.xls calculations of Ωc were 
made for each point using pH corresponding to [CO2] of 400 ppm, 800 ppm, and 1,300 ppm, 
shown in Figures 5.4, 5.5, and 5.6, respectively. Calculated Ωc interpolations were rounded to 
the nearest integer. 
 The first calculation provided the Ωc at 25 °C for the 400 ppm CO2 interpolation (Fig. 
5.4), corresponding to a pH of approximately 8.1. The Ωc was calculated with CO2sys.xls 
(Pierrot et al., 2006), using the first two available values of: 1) total inorganic carbon (CT); 2) 
total alkalinity (AT); 3) total pH (pHT); and 4) partial pressure of CO2 (pCO2). Salinity (S) and 
temperature (T) from the aforementioned reports. The output was calculated for T = 25 °C, the T 
value commonly used to report carbonate system parameters (Riebesell et al., 2010). The 
CO2sys.xls output included values for Ωc, which were then used in an ArcGIS natural neighbor 
interpolation (Sibson, 1981), generating a grid of 2 km x 2 km cells containing the interpolated 
Ωc for the study area.  
For the second calculation, the pH values for each point reported by CO2sys.xls at 400 
ppm were reduced by 0.3, corresponding to a decrease of the current pH 8.1 (i.e., 400 ppm CO2) 
to pH 7.8 (i.e., 800 ppm CO2). By applying a uniform 0.3 pH reduction to the first calculation’s 
pH output, it was possible to retain the original S and AT values, thereby preserving the local 
carbonate system variations present in the aforementioned reports (e.g., Robbins et al. 2009a,  
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Figure 5.4. Model result of distribution of Ωc on WFS at 400 ppm CO2
 
(modern). 
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Figure 5.5. Model result of distribution of Ωc on WFS at 800 ppm CO2 (2100). 
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Figure 5.6. Model result of distribution of Ωc on WFS at 1,300 ppm CO2 (2140). 
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etc.). The second calculation was made using the original S and AT as inputs, the reduced pH as a 
carbonate system input, and T = 25 °C. This second iteration resulted in values for Ωc for a 
seawater pH of approximately 7.8; these Ωc values were then used to generate the 800 ppm CO2 
ArcGIS natural neighbor interpolation (Fig. 5.5). 
 For the third calculation, the pH values generated by CO2sys.xls for the pH 7.8 
calculation were reduced by an additional 0.2, corresponding to a pH of 7.6 (i.e., 1,300 ppm 
CO2). The third calculation was made using the original S and AT values, the twice-reduced pH 
(i.e., total pH reduction of 0.5), and T standardized to 25 °C. This third iteration resulted in Ωc 
values for a seawater pH of approximately 7.6; these Ωc values were then used to generate the 
1,300 ppm CO2 ArcGIS natural neighbor interpolation (Fig. 5.6). 
As a final step, the ArcGIS “zonal statistics” function was used to calculate the mean and 
standard deviation of the Ωc cells located in each carbonate zone (Fig. 5.7 and Table 5.4). 
 
 
Figure 5.7. Mean Ωc of carbonate sediment zones for 3 pH scenarios. The pH is the projected 
seawater pH in 2014, 2100, and 2140. The carbonate (%) is the carbonate fraction defining each 
sediment zone. The modeled Ωc is the mean saturation state of calcite for each sediment zone. 
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Table 5.4. Impact of ocean acidification on shelf benthic environments. The pH is the modeled 
seawater pH. Three zones of sediments are defined by the percent carbonate content. The area 
(km
2
) is the areal extent of each zone. The area (%) is the portion of the 111,500 km
2
 study area 
covered by each zone. The modeled Ωc is the average calcite saturation state for each sediment 
zone – pH combination and is shown as mean (σ standard deviation). 
pH 
 
Carbonate (%) Area (km
2
) Area (%) Modeled Ωc 
8.1 
 
0 - 33 
 
10,276 
 
9.2% 4.8 (σ 0.7) 
8.1 
 
33 - 66 
 
34,240 
 
30.7% 5.2 (σ 0.5) 
8.1 
 
66 - 100 
 
67,032 
 
60.1% 5.4 (σ 0.5) 
7.8 
 
0 - 33 
 
10,276 
 
9.2% 2.8 (σ 0.5) 
7.8 
 
33 - 66 
 
34,240 
 
30.7% 3.0 (σ 0.2) 
7.8 
 
66 - 100 
 
67,032 
 
60.1% 3.0 (σ 0.1) 
7.6 
 
0 - 33 
 
10,276 
 
9.2% 1.8 (σ 0.4) 
7.6 
 
33 - 66 
 
34,240 
 
30.7% 2.0 (σ 0.1) 
7.6 
 
66 - 100 
 
67,032 
 
60.1% 2.0 (σ 0.1) 
 
Meta-Analysis of Rotalid and Miliolid Ocean Acidification Experiments 
 A meta-analysis of seven recent laboratory studies, described previously in the 
Introduction, was performed to determine the relation between [CO2] and the difference in the 
growth rates of miliolid and rotalid LBF. In the seven studies, growth was variously reported as 
change in surface area, changes in diameter over the study period, and increase in weight in 
response to pH or CO2 over time periods ranging from days to months. To facilitate 
comparisons, these assorted measurements of growth were converted to a weekly increase in 
diameter in % relative to the initial size (details in Appendix 9). The resulting weekly increases 
in diameter are presented in Table 5.5.  
 
 87 
Table 5.5. Review of laboratory studies of LBF response to CO2. Species, Superfamily, and 
Order refer to the taxonomy of cultured specimens. Symbiont lists the endosymbiont. The pH 
and pCO2 refer to the approximate treatment levels used in each study. The weekly diameter (%) 
shows the average weekly growth of specimens at that treatment level. Author lists the main 
author and publication year. 
Species Superfamily Order Symbiont pH pCO2 Weekly 
diameter (%) 
 
Author 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 8.0 470 8.0% Knorr, 2014 (this 
study) 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 8.0 490 8.0% Knorr, 2014 (this 
study) 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 7.8 800 11.5% Knorr, 2014 (this 
study) 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 7.6 1300 7.2% Knorr, 2014 (this 
study) 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 8.1 410 2.6% McIntyre-
Wressnig et al., 
2013 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 8.0 410 2.2% McIntyre-
Wressnig et al., 
2013 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 7.5 1000 2.9% McIntyre-
Wressnig et al., 
2013 
Amphistegina gibbosa Asterigerinacea Rotaliida Diatom 7.4 2000 3.3% McIntyre-
Wressnig et al., 
2013 
Amphistegina radiata Asterigerinacea Rotaliida Diatom 8.1 470 0.6% Vogel and 
Uthicke, 2012 
Amphistegina radiata Asterigerinacea Rotaliida Diatom 7.9 780 0.6% Vogel and 
Uthicke, 2012 
Amphistegina radiata Asterigerinacea Rotaliida Diatom 7.8 1170 0.6% Vogel and 
Uthicke, 2012 
Amphistegina radiata Asterigerinacea Rotaliida Diatom 7.6 1660 0.6% Vogel and 
Uthicke, 2012 
Heterostegina depressa Nummulitacea Rotaliida Diatom 8.1 470 0.6% Vogel and 
Uthicke, 2012 
Heterostegina depressa Nummulitacea Rotaliida Diatom 7.9 780 0.6% Vogel and 
Uthicke, 2012 
Heterostegina depressa Nummulitacea Rotaliida Diatom 7.8 1170 0.6% Vogel and 
Uthicke, 2012 
Heterostegina depressa Nummulitacea Rotaliida Diatom 7.6 1660 0.6% Vogel and 
Uthicke, 2012 
Baculogypsina 
sphaerulata 
Rotaliacea Rotaliida Diatom 8.2 260 6.9% Fujita et al., 2011 
Baculogypsina 
sphaerulata 
Rotaliacea Rotaliida Diatom 8.1 360 5.6% Fujita et al., 2011 
Baculogypsina 
sphaerulata 
Rotaliacea Rotaliida Diatom 7.9 580 6.9% Fujita et al., 2011 
Baculogypsina 
sphaerulata 
Rotaliacea Rotaliida Diatom 7.8 770 7.4% Fujita et al., 2011 
Baculogypsina 
sphaerulata 
Rotaliacea Rotaliida Diatom 7.7 970 5.6% Fujita et al., 2011 
Calcarina gaudichaudii 
 
Rotaliacea Rotaliida Diatom 8.2 260 1.9% Fujita et al., 2011 
Calcarina gaudichaudii 
 
Rotaliacea Rotaliida Diatom 8.1 360 1.7% Fujita et al., 2011 
Calcarina gaudichaudii 
 
Rotaliacea Rotaliida Diatom 7.9 580 1.4% Fujita et al., 2011 
Calcarina gaudichaudii 
 
Rotaliacea Rotaliida Diatom 7.8 770 2.5% Fujita et al., 2011 
Calcarina gaudichaudii 
 
Rotaliacea Rotaliida Diatom 7.7 970 1.7% Fujita et al., 2011 
Archaias angulatus Soritacea Miliolida Chlorophyte 8.0 480 2.8% Knorr, 2014 (this 
study) 
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Table 5.5 (cont.) 
 
Species Superfamily Order Symbiont pH pCO2 Weekly 
diameter (%) 
 
Author 
Archaias angulatus Soritacea Miliolida Chlorophyte 7.8 800 2.0% Knorr, 2014 (this 
study) 
Archaias angulatus Soritacea Miliolida Chlorophyte 7.6 1300 1.4% Knorr, 2014 (this 
study) 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 8.1 470 0.2% Vogel and 
Uthicke, 2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 7.9 780 0.2% Vogel and 
Uthicke, 2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 7.8 1170 0.3% Vogel and 
Uthicke, 2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 7.6 1660 0.3% Vogel and 
Uthicke, 2012 
Marginopora 
kudakajimensis 
Soritacea Miliolida Dinoflagellate 8.3 270 6.3% Kuroyanagi et al., 
2009 
Marginopora 
kudakajimensis 
Soritacea Miliolida Dinoflagellate 8.2 480 5.7% Kuroyanagi et al., 
2009 
Marginopora 
kudakajimensis 
Soritacea Miliolida Dinoflagellate 7.9 820 6.2% Kuroyanagi et al., 
2009 
Marginopora 
kudakajimensis 
Soritacea Miliolida Dinoflagellate 7.7 1360 5.0% Kuroyanagi et al., 
2009 
Amphisorus hemprichii 
 
Soritacea Miliolida Dinoflagellate 8.2 260 11.9% Fujita et al., 2011 
Amphisorus hemprichii 
 
Soritacea Miliolida Dinoflagellate 8.1 360 11.0% Fujita et al., 2011 
Amphisorus hemprichii 
 
Soritacea Miliolida Dinoflagellate 7.9 580 12.5% Fujita et al., 2011 
Amphisorus hemprichii 
 
Soritacea Miliolida Dinoflagellate 7.8 770 11.0% Fujita et al., 2011 
Amphisorus hemprichii 
 
Soritacea Miliolida Dinoflagellate 7.7 970 11.3% Fujita et al., 2011 
Marginopora rossi Soritacea Miliolida Dinoflagellate 8.1 380 7.8% Reymond et al., 
2012 
Marginopora rossi Soritacea Miliolida Dinoflagellate 7.8 700 7.7% Reymond et al., 
2012 
Marginopora rossi Soritacea Miliolida Dinoflagellate 7.6 1100 6.5% Reymond et al., 
2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 8.2 330 6.8% Uthicke et al., 
2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 8.1 420 7.1% Uthicke et al., 
2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 7.7 1280 6.8% Uthicke et al., 
2012 
Marginopora vertebralis Soritacea Miliolida Dinoflagellate 7.6 1570 6.4% Uthicke et al., 
2012 
 
The relationship between the proportion of weekly increase in diameter (%; WID) and 
the foraminiferal order (an indicator of test structure), the treatment pH, and treatment pCO2 was 
modeled using multiple regression analysis. A scatterplot of the pCO2 versus the weekly increase 
in diameter (%) is shown in Figure 5.8. Separate fitted linear regression lines for each order were 
added to Figure 5.8 to model the relationship between the treatment pCO2 and the weekly 
increase in diameter (%). 
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Figure 5.8. Weekly growth versus pCO2 for rotalids and miliolids. The pCO2 (ppm) is the 
treatment concentration. Weekly increase in diameter (%) is the average amount specimens grew 
in a week at each treatment level (p < 0.05, r
2
 = 26%). 
 
Estimation of Large Benthic Foraminiferal Carbonate Production 
 The contribution of LBF to carbonate production was calculated using the relationship, 
adapted from Hallock (1981): 
 
  Annual production (grams) = Σ N ∙ τ ∙ w (7) 
 
Where N is the standing crop of adults, τ is the turnover rate per year, and w is the weight (g) of a 
test. Based on a review of exiting literature (Hallock et al., 1986b; Murray, 1991; Langer et al., 
1997; Langer, 2008), the annual τ was conservatively set at 1, corresponding to a 1-year 
reproductive cycle; Archaias angulatus typically reproduces once a year (Hallock et al., 1986b), 
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and Amphistegina spp. reproduces twice a year (Muller, 1974). A survey of reported assemblage 
data relevant to the WFS demonstrated that one species from each order often dominates the 
existing assemblages. Therefore, it was assumed that the standing crop value for N, which 
represents a single species, represented the standing crop for the entire order (i.e., rotalid or 
miliolid) at any given location. 
The average weekly increase in diameter (%) of Foraminifera and the carbonate 
production values (Appendix 10) were calculated separately for each order (i.e., rotalids and 
miliolids) using the following steps:  
1. Weekly increase in diameter (%) (WIDest) was calculated by dividing the mean weekly 
growth rate (μm/week) by the mean diameter (μm), which was assumed to be half of the 
reproductive size (Hallock, 1981). Details of the mean diameter calculation are in Appendix 11. 
2. WIDsedΩ for each of the three carbonate zone-Ωc combinations (described previously) 
was calculated using the order-specific WID equation (derived in the previous section). This was 
calculated for each of the three CO2 levels. 
3. WID ratios were calculated by dividing WIDsedΩ by WIDest. Multiplying the mean 
weekly growth rates (μm/week) by the WID ratios gave the growth rate (μm/week) for each 
carbonate zone-Ωc combination. Multiplying this by 52 gave the average size of a one-year-old 
member of that Order for each carbonate zone – Ωc combination. This was calculated for each of 
the three CO2 levels. 
4. The weight (g) of an adult individual (i.e,one half the annual-growth diameter [μm]) 
was then calculated using empirical relationships of diameter (d) to weight (m); the equation m = 
1.27 ∙ (10-12 ∙ d2.74) was used for rotalids (Hallock, 1981), and the equation m = (-0.545 + 
0.000745 ∙ d)/1000 was used for miliolids (Chapter 3). 
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5. Annual production (g/m
2
) for each carbonate zone-Ωc combination was calculated by 
multiplying the adult weight (g) by the density value from Table 5.2 and that product by the zone 
area (Table 5.3). Adding the production values of the three carbonate zones together gave the 
annual WFS carbonate production for each [CO2] (i.e., 400 ppm, 800 ppm, 1300 ppm). 
 
Results and Discussion 
Spatial Extent of Carbonate Sediments on the WFS 
The distribution of the three carbonate sediment zones (Table 5.3) showed the influence 
of the three WFS depositional environments (Fig. 5.3). Consistent with previously published 
reports (e.g., Hine et al., 2003), the interpolation showed that carbonate sediments on the WFS 
increased from the north to the south (graph located in Appendix 7). Low-carbonate sediments 
were uncommon (~10%) and located near the coast. The higher density of sampling points (Fig. 
5.2) in coastal regions produced interpolations depicting higher variability near the coast than in 
sparsely-sampled deeper waters, especially in the west central shelf region. As described below, 
the interpolation accords well with known sedimentary patterns. 
The northern Big Bend interpolation showed a low fraction of carbonate near coastline, 
which is dominated by salt marshes and the Suwannee River. The carbonate fraction increased to 
the west and south until it reached a maximum near the Florida Middle Ground. The influence of 
fluvial sediment from the Apalachicola River was apparent in the northwest corner of the 
interpolation. The region showed an overall low-to-medium carbonate fraction (Doyle & Sparks, 
1980) with a shift from quartz sediments to carbonate sediments at approximately 30 km 
offshore. 
The sediment-starved west central shelf (Wanless, 1977; Hine & Locker, 2009) showed 
no distinct pattern of sedimentation. The carbonate fraction varied considerably near the coast 
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and with abrupt transitions between high and low carbonate zones, consistent with descriptions 
by Brooks et al. (2003) and Twichell et al. (2003). In deeper water (>30 m), broad areas of 
medium carbonate content (i.e., 33–66%) separated high carbonate regions. Low percentage 
carbonate areas were found at depths of 15–30 m; the largest low-carbonate area on the west 
central shelf was located near the Charlotte Harbor estuary at depths of 30–40 m, in accord with 
a study by Gould & Stewart (1955), who concluded that this results from the offshore transport 
and deposition of Charlotte Harbor estuarine sediments by tidal currents. The carbonate fraction 
of the region as a whole was medium to high. 
The interpolation showed the Florida Keys, inclusive of the southern Florida shelf, 
Florida Bay, and the Florida Keys coral reefs, as a high carbonate region. A small low carbonate 
zone was located to the east near the discharge zone of the southern peninsular wetlands (Ewel, 
1990); the southern coastline is lined with mangroves and marshlands, which produce peat with a 
high organic carbon fraction (Cahoon & Lynch, 1997). The remainder of the region consisted of 
extended areas with high carbonate fractions occasionally interrupted by medium carbonate 
zones, corresponding closely to a study by Phillips et al. (1990). 
 
Spatial Extent of Ωc on the WFS 
Interpolations of Ωc on the WFS corresponding to future CO2 levels of 400 ppm, 800 
ppm, and 1,300 ppm (Figs. 5.4–5.6) showed a decline of Ωc in all instances. There was a pattern 
of lower Ωc near the coast (Figs. 5.4 and 5.5) and higher Ωc in deeper water. 
Low coastal Ωc at 400 ppm CO2 and 800 ppm CO2 north of Tampa could have been 
related to freshwater input from the Suwannee River as well as several large, offshore springs 
(Miller, 1997), which would tend to lower AT. The low AT lens west of Charlotte Harbor could 
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similarly have been caused by freshwater input from the rivers that discharge into the Charlotte 
Harbor estuary (e.g., Peace and Caloosahatchee rivers). 
At 1,300 ppm, CO2 Ωc was uniformly low. The calculation of Ωc uses [CO3
2-
] as an 
input; because [CO3
2-
] declines rapidly and non-linearly between pH 9 and pH 7 (Fig. 1.2), the 
Ωc decreases faster between 400 ppm and 800 ppm CO2 than between 800 ppm and 1,300 ppm 
CO2 (Fig. 1.3). As a consequence of the non-linear relationship between CO2 and Ωc, there was a 
more dramatic effect on the Ωc between 400 ppm and 800 ppm CO2 than between 800 ppm and 
1,300 ppm CO2. 
The results of the zonal statistics comparison illustrated the association of seawater with a 
high Ωc and an increased carbonate fraction in underlying sediments (Fig. 5.7). Comparing the 
carbonate sediment distribution (Fig. 5.3) and the areas of low Ωc (Fig.s 5.4 and 5.5) showed 
that low carbonate sediments and low Ωc were concentrated in shallow coastal areas near the 
Suwannee River and, to a lesser degree, Charlotte Harbor. They likely correspond to fluvial and 
estuarine quartz sand deposits (Doyle & Sparks, 1980). Large areas of low-carbonate sediments 
were not found in areas of seawater with a high Ωc. 
 
Meta-analysis of Rotalid and Miliolid Ocean Acidification Experiments 
 The mean weekly increase in diameter (%) of rotalids and miliolids at three levels of 
pCO2 is shown in Table 5.6. Regression analysis (details in Appendix 12) showed a significant 
relationship (p <0.05, r
2
 = 26%) between the weekly increase in diameter (%) (WID) and the 
Foraminifera’s Order (p <0.05), the treatment pH (p <0.05), and the treatment pCO2 (p <0.05). 
The sum of squares indicated that the effect of LBF order on the WID was twice as significant as 
both pH and pCO2. Not surprisingly, the pH and pCO2 showed similar effects since both are 
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measurements of the seawater-carbonate system. The modest predictive value of the regression is 
reasonable for the meta-analysis because variations in temperature (Hallock, 1985), food supply 
(Lee et al., 1991), water motion (Hallock et al., 1986b), and light (Hallock, 1981) can also affect 
the growth rates of LBF. 
The two fitted regression lines derived from the plot of pCO2 against WID (Fig. 5.8) 
were: 
 
  Rotalids: WID% = 0.09  – 0.00003 ∙ pCO2 (8) 
and 
  Miliolids: WID% = 0.05 – 0.00001 ∙ pCO2 (9) 
 
The overall trend for rotalids (Table 5.6) was a slightly increased WID at intermediate [CO2] 
(i.e., 600–1050 ppm) and a decreased WID at high (i.e., > 1050 ppm) [CO2]. The trend for 
miliolids was a continual decrease in WID as [CO2] increased. This overall trend was in 
accordance with the results described in Chapters 3 and 4. These growth trends result in a 
reduction in mean adult size (Table 5.6). 
 
Estimation of Large Benthic Foraminiferal Carbonate Production 
 The annual carbonate production estimate for miliolids and rotalids living in low 
(< 33%), medium (33–66%), and high (> 66%) carbonate fraction sediments at atmospheric CO2 
concentrations of 400 ppm, 800 ppm, and 1,300 ppm is shown in Figure 5.9. As the carbonate 
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Table 5.6. Mean weekly increase in size of LBF by CO2. The pCO2 is given in parts per million 
(ppm); the weekly increase in diameter (%) is relative to the starting diameter and is given with 
the standard error. Average size (μm) is of an adult, which is taken to be half of the size at 
reproduction. Percent size reduction relative to < 600 ppm is report with average size. 
Order pCO2 (ppm) Weekly increase in diameter (%) Average size of adult (μm) 
Rotaliida < 600 3.9±0.9 860 
Rotaliida 600–1050 4.1±1.4 680 (–20%) 
Rotaliida > 1050 2.1±1.1 490 (–40%) 
Miliolida < 600 7.2±1.2 2200 
Miliolida 600–1050 6.4±1.9 1330 (–40%) 
Miliolida > 1050 3.8±1.1 550 (–75%) 
 
fraction of sediment increases, each order’s annual carbonate production also increases. 
However, as CO2 concentrations increase, the annual production for each carbonate sediment 
zone decreases. 
 
 
Figure 5.9. Annual carbonate production of LBF by foraminiferal composition. The CO2 (ppm) 
is the model CO2 concentration. The carbonate % is the carbonate fraction of sediments. Annual 
carbonate production is given in g/m
2
. 
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At 400 ppm CO2, the model predicts that WFS populations of miliolids annually (34 
g/m
2
) produced 17% more sediment than rotalids (29 g/m
2
). At 800 ppm CO2, WFS miliolids 
annually (23 g/m
2
) produced 8% more sediment than rotalids (21 g/m
2
). However, at 1,300 ppm 
CO2, WFS miliolids annually (9 g/m
2
) produced 40% less sediment than rotalids (14 g/m
2
). The 
modeled values for 400 ppm CO2 correspond reasonably well (i.e., in the same order of 
magnitude) with estimates from empirical studies, which have reported carbonate production 
estimates of 40-150 g/m
2
/yr for miliolids (Zohary et al., 1980; Hallock et al., 1986b) and 40-600 
g/m
2
/yr for rotalids (Muller, 1974; Hallock, 1981). The results derived here are also similar to 
those reported by Tyner (2003) who estimated rates of 13 g/m
2
/yr for foraminiferal carbonate 
production on the WFS, exclusive of the Florida Keys. 
 The WFS annual LBF carbonate production (Table 5.7) is shown in Figure 5.10. 
Although there was a modeled decrease of carbonate production for rotalids and miliolids, the 
declining proportion of sediments contributed by miliolids to the WFS annual carbonate 
production is readily apparent. Modeled carbonate sediment production fell by 30%, from a 400 
ppm CO2 high of 7 Mt/yr to 4.8 Mt/yr at 800 ppm CO2, and a total of 65% from 7 Mt/yr to 2.5 
Mt/yr at 1,300 ppm CO2. The model’s 7 Mt/yr (400 ppm CO2) estimate of carbonate production 
on the 111,500 km
2
 WFS accords well with a reported 4 Mt/yr estimate of carbonate production 
(Langer, 2008) by 57,000 km
2
 (Smith, 1978) of Caribbean reef Foraminifera. In any event, the 
30% modeled decline in production at 800 ppm CO2, combined with the disproportionately large 
decline in the contribution of high-Mg miliolids will change the composition of Florida’s 
sediments. The contribution of LBF to WFS sediments ranges from ~0->50% (Gould and 
Stewart, 1955; Bandy, 1956; Wanless, 1977; Doyle & Sparks, 1980), but averages approximately 
5% of the carbonate fraction (Bosence, 1989b; Sussko & Davis, 1992; Brooks et al., 2003).  
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Table 5.7. WFS annual LBF carbonate production (Mt). The CO2 (ppm) is the concentration 
used to model production. Carbonate production values are given in Mt; total carbonate 
production is the sum of rotalid and miliolid carbonate production. 
CO2 (ppm) 
 Order 
 
Annual carbonate 
production by Order (Mt) 
 
Total carbonate 
production (Mt) 
400 
 
Rotalid 3.2  
400 
 
Miliolid 3.8 7.0 
800 
 
Rotalid 2.3  
800 
 
Miliolid 2.5 4.8 (30% reduction) 
1,300 
 
Rotalid 1.5  
1,300 
 
Miliolid 1.0 2.5 (65% reduction) 
 
  
Figure 5.10. Annual carbonate production of LBF by Order. The CO2 (ppm) is the modeled CO2 
concentration. Bars represent modelled LBF contribution to annual WFS carbonate production, 
binned by Order. 
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Although at a much smaller scale, the study by Dias et al. (2010) supports these modeled 
results. They documented a reduction in the number of miliolids relative to rotalids in the 
vicinity of CO2 vents in the Bay of Naples, which led to an assemblage at a seawater pH of 7.8 
where miliolids were, in essence, replaced by agglutinated textularids, with a relatively small 
response by rotalids. 
 
Significance of Divergent Reduction of LBF Growth Rates 
 In addition to the readily apparent reduction in carbonate production, a 30-65% reduction 
in LBF carbonate productivity (Table 5.7) will change the composition of sediments. Estimates 
of the percentage of carbonate production that is locally deposited as sediment range from 25% 
(e.g., non-carbonate shelves) to 80% (e.g., coral reef), with the remainder either dissolving or 
undergoing transport (Milliman, 1993; Langer, 2008). Bosence (1989a,b) reported foraminiferal 
accumulation rates of approximately 300 g/m
2
/yr and 900 g/m
2
/yr for Halimeda in the Florida 
Keys. Newly-produced Amphistegina spp. and Archais angulatus juveniles are  
 approximately 120 μm in diameter (Hallock, 1985; Hallock et al., 1986b); consequently, even 
LBF that fail to reach mature sizes contribute, at a minimum, to the 125 μm fine sand fraction 
(Muller, 1974). 
Assuming reproductive cycles remain constant at approximately one generation/year, at 
800 ppm CO2 the model predicts a size reduction of 20% for rotalids and 40% for miliolids 
(Table 5.6). Because benthic foraminifers are prolific producers of sand-sized sediment (Langer, 
2008), a decrease in the size of mature LBF will consequently reduce the mean grain size of 
LBF-derived sands, and will result in a gradual fining of sediments. The distribution of 
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sediments may also be affected because finer particles (< 500 μm) tend to accumulate further 
from the coast (Force, 1969).  
Smaller particles also have a larger surface to volume ratio and are consequently more 
susceptible to dissolution (Walter & Morse, 1984a). Also, high-Mg calcite is more soluble than 
low-Mg calcite or aragonite (Walter & Morse, 1984b). High-Mg miliolids, which show a greater 
modeled reduction in diameter (Table 5.6) than low-Mg rotalids, will respond adversely to the 
combination of decreased size and decreased Ωc (Morse et al., 2006). Work by Cottey & Hallock 
(1988) and Reid & MacIntyre (1998) have demonstrated that micritization of high-Mg calcifiers 
can initiate while the organism is still living. Such dissolution may further reduce the 
contribution of miliolid carbonate production to the sand-sized fraction. 
Fecundity, the number of young produced during asexual multiple fission, is related 
proportionately to the size of the parent (Hallock, 1985); smaller adults produce fewer offspring. 
Mortality of juveniles, which represent a component of the <500 μm sediment fraction, is 
approximately 99%, a consequence of algal blooms, predation, water motion, and other 
environmental stressors (Muller, 1974). Barring an increase in the frequency of reproduction, or 
a shift to more-frequent, non-lethal sexual reproduction (Dettmering et al., 1998), the fecundity 
will decrease, possibly leading to a decline in the density (i.e, the number of foraminifers of a 
given species per unit area; Table 5.2). If fecundity decreases, the carbonate productivity will 
consequently decline at a higher rate than the model presented here projects, which assumed a 
constant density.  
 Although the model predicts a steep decline in size and production for miliolids and a 
less severe decline for rotalids, the actual effect may be more complicated. Several rotalid 
species (Table 5.5), including Amphistegina gibbosa, an important sediment producer in Florida, 
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demonstrate an increase in growth rate at 800 ppm CO2 and a minor decrease at 1,300 ppm CO2 
in empirical laboratory studies. Such a parabolic to response to increased CO2 by rotalids may 
create a pronounced divergence in the rates of carbonate production of miliolids and rotalids. 
 Finally, because this model demonstrates that increased concentrations of CO2 and 
concomitant reductions of Ωcalcite can cause a reduction in LBF growth rates, the results may 
have applicability to the study of mass extinctions. Reduction in the size of biotic lineages during 
stressful periods such as mass extinctions has been documented in the fossil record (Keller, 
1988; Arnold, 1995; Hautmann, 2004; Twitchett, 2007; Borths & Ausich, 2011), and was 
documented in LBF across the K-Pg mass extinction boundary (Fermont, 1982). These size 
reductions of fauna are referred to as the Lilliput Effect (Urbanek, 1993; reviewed in Harries & 
Knorr, 2009). The Lilliput Effect refers to the documented reduction in the size of biota across 
mass extinction boundaries. An examination of the patterns of LBF rotalid and miliolid size-
changes across extinction boundaries where ocean acidification has been proposed as a 
mechanism (e.g., Paleocene-Eocene Thermal Maximum [PETM] [Gibbs et al., 2010]) could help 
confirm such a hypothesis. 
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CHAPTER SIX: 
 
CONCLUSION 
 
 
 Increasing concentrations of atmospheric CO2 equilibrate with seawater, leading to an 
inevitable decrease in seawater pH and saturation state, commonly referred to as ocean 
acidification. The IPCC RCP8.5 emission-driven simulation estimates a CO2 concentration of 
985±97 ppm in 2100 (IPCC, 2013). At 800 ppm, seawater pH will be 7.8 and the calcite 
saturation state (Ωc) will drop to 3.3; at a concentration of 1,300 ppm CO2, the seawater pH 
decreases to 7.6 and the Ωc drops to 2. 
Studies of this continual process of ocean acidification have reported a variety of effects, 
primarily deleterious, on many marine calcifiers (summaries in Fabry et al., 2008; Kroeker et al., 
2010; and Kroeker et al., 2013). A number of studies of large benthic foraminifers have shown an 
uneven, but generally deletirious, response to increased CO2 concentration (reviewed in Keul et 
al., 2013). Although a single individual foraminifer is inconsequential to global sediment 
budgets, the estimated 2.2 x 1016 individuals that occupy the west Florida shelf can collectively 
produce several million tons of carbonate sediment per year. 
 This study evaluated the effect of increased CO2 concentrations on the growth rate, 
ultrastructure, isotopic composition, Mg/Ca composition, and carbonate production of the high-
Mg miliolid Archaias angulatus and the low-Mg rotalid Amphistegina gibbosa. Cohorts of 
approximately 20 individuals were photographed, sealed in mesh bags, and placed in aquaria 
with pH levels of 8.0, 7.8 and 7.6, corresponding to atmospheric CO2 concentrations of 
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approximately 400 ppm, 800 ppm, and 1,300 ppm, respectively. Bags were removed every two 
weeks and the experiment was terminated after six weeks. Individuals were photographed again 
and subsets were used to calculate growth rates, pore sizes, the δ18O, the δ13C, and the Mg/Ca 
ratio of specimens. 
 Archaias angulatus responded to increased CO2 by significantly reducing its growth rate, 
significantly increasing the size of its pseudopores, marginally significantly increasing its δ18O 
signatures, and displaying a non-significant increase in its Mg/Ca content. Amphistegina gibbosa 
responded by significantly increasing growth at 800 ppm CO2 and by decreasing growth slightly 
at 1,300 ppm CO2. Amphistegina gibbosa showed no significant effects on isotopic or Mg/Ca 
composition of the test. 
 The empirically-derived growth rates from this study and those of six other recent studies 
were incorporated into a meta-analysis, which converted the results of seven studies of 10 
species to a weekly increase in diameter. The growth rates were used to model a general 
response of miliolid and rotalid foraminifers to increased CO2 levels. The modeled growth rates 
at higher CO2 levels were combined with GIS models of concomitant changes in the calcite 
saturation state of west Florida shelf waters and potential habitats, enabling the estimation of 
regional large benthic foraminiferal carbonate production. 
 Rotalids responded to higher CO2 concentrations by reducing their average adult size by 
20% at 800 ppm CO2 and 40% at 1,300 ppm CO2. Miliolids responded by reducing their average 
adult size by 40% at 800 ppm CO2 and 75% at 1,300 ppm CO2. Low-Mg rotalids appear to be 
comparatively successful in a high CO2 world, at least relative to their high-Mg miliolid cousins. 
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Future Research 
 A multi-generational study to investigate the effect of increased CO2 on the fecundity of 
LBF and their offspring at different CO2 levels would provide an improved understanding of the 
effect of increased CO2 on the frequency, mode, and success of reproduction. Such a study using 
asexually produced broods could clarify what effect the growth reduction will have on the size of 
individual foraminifers and on the standing crop. A multi-generational study could also provide 
insight into LBF mechanisms for coping with increased CO2 and decreased saturation state (e.g., 
exaptations, changes in behavior, more frequent reproduction).  
A study structured to evaluate the effect of symbiont types on the growth response of host 
foraminifers would be useful. This study used Archaias angulatus, which hosts chlorophyte 
symbionts; the larger miliolids of the Indo-Pacific host dinoflagellates. A study focused on 
multiple taxa with different types of symbionts could resolve whether the type of endosymbiont 
or the mode of calcification is a stronger predictor of growth rate. If the calcification mode (i.e., 
the rotalid internal carbon pool or the miliolid precipitation of seawater in vesicles [ter Kuile & 
Erez, 1987]) is more significant than the type of symbiont, then the reported effects of CO2 on 
large benthic foraminiferal calcification could be a general response applicable to other non-
foraminiferal calcifiers that employ similar strategies of biocalcification (Lowenstam & Weiner, 
1989). 
A mesocosm study of a naturally-occurring association of benthic foraminifers, 
symbiont-bearing or otherwise (e.g., Archaias angulatus, Quinqueloculina spp.,  Triloculina 
spp., Elphidium discoidale, Discorbis mira, Ammonia beccarii ornata, and Valvulina oviedoiana 
[Lidz & Rose, 1989]), simultaneously cultured in a simulated habitat (e.g., natural substrate and 
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flora, controlled light and carbonate chemistry) could provide insights into the response of 
communities of benthic Foraminifera to ocean acidification. 
 A field study of the impact of reduced Ωcalcite on foraminifers in their natural habitat 
would be useful. Although laboratory studies can provide valuable first insights into the response 
of taxa to CO2, a review of the wide range of reported growth rates, sometimes for the same taxa 
(Table 5.5), does not inspire confidence in their reproducibility. It is reasonable to assume that 
the highest growth rates are found in optimal conditions, so in situ studies should provide 
superior insight into natural processes. 
 Finally, the results obtained during the course of this study and the insights gained by the 
aforementioned proposed follow-up studies could be used to refine the carbonate production 
model. A greater quantity of high quality data would improve the carbonate production model’s 
precision and accuracy. The model could be improved by incorporating 
1) the effect of increased seawater temperature (IPCC, 2013); 
2) expected changes in precipitation and their impact on salinity (IPCC, 2013); and 
3) the effect of ocean acidification on the range and density of the seagrasses and 
macroalgae that provide habitat and nutrition for LBF (Koch et al., 2013).  
Such an enhanced CO2 model could provide valuable information about the synergistic 
effects of these inputs on both LBF carbonate sediment production and the future structure of 
benthic marine habitats. In the interim, the existing carbonate productivity model gives 
reasonable estimates of west Florida shelf sediment production (e.g., within an order of 
magnitude of similar estimates) and could be applied to other high-impact, high-production 
regions dominated by LBF with little modification. Additional meta-analyses of other (i.e., non-
LBF) carbonate producers could be incorporated with a modest amounts of effort.
 105 
 
 
 
 
 
 
REFERENCES 
 
 
Andersson, A., F. Mackenzie, and N. Bates (2008), Life on the margin: Implications of ocean 
acidification on Mg-calcite, high latitude and cold-water marine calcifiers, Marine Ecology 
Progress Series, 373(2), 265-273. 
Angell, R. W. (1980), Test morphogenesis (chamber formation) in the foraminifer Spiroloculina 
hyalina Schulze, The Journal of Foraminiferal Research, 10(2), 89-101. 
Arnold, A. J., W. C. Parker, and S. P. Hansard (1995), Aspects of the post-Cretaceous recovery 
of the Cenozoic planktic foraminifera, Marine Micropaleontology, 26(1), 319-327. 
Assayag, N., K. Rivé, M. Ader, D. Jézéquel, and P. Agrinier (2006), Improved method for 
isotopic and quantitative analysis of dissolved inorganic carbon in natural water samples, Rapid 
communications in mass spectrometry, 20(15), 2243-2251. 
Baker, R. D., P. Hallock, E. F. Moses, D. E. Williams, and A. Ramirez (2009), Larger 
foraminifers of the Florida Reef Tract, USA: Distribution patterns on reef-rubble habitats, The 
Journal of Foraminiferal Research, 39(4), 267-277. 
Bambach, R. K. (1983), Ecospace utilization and guilds in marine communities through the 
Phanerozoic, Biotic interactions in recent and fossil benthic communities, Plenum, New York, 
719–746. 
Bandy, O. L. (1956), Ecology of foraminifera in northeastern Gulf of Mexico, U.S. Geological 
Survey Professional Paper, 274, 179-204. 
Barker, S., and H. Elderfield (2002), Foraminiferal calcification response to glacial-interglacial 
changes in atmospheric CO2, Science, 297(5582), 833. 
Barker, S., M. Greaves, and H. Elderfield (2003), A study of cleaning procedures used for 
foraminiferal Mg/Ca paleothermometry, Geochem. Geophys. Geosyst, 4(9). 
Beavington-Penney, S. J., and A. Racey (2004), Ecology of extant nummulitids and other larger 
benthic foraminifera: applications in palaeoenvironmental analysis, Earth Sci Rev 67(3) 219-265. 
Bemis, B. E., H. J. Spero, J. Bijma, and D. W. Lea (1998), Reevaluation of the oxygen isotopic 
composition of planktonic foraminifera: Experimental results and revised paleotemperature 
equations, Paleoceanography, 13(2), 150-160. 
Bernhard, J. M., J. P. Barry, K. R. Buck, and V. R. Starczak (2009), Impact of intentionally 
injected carbon dioxide hydrate on deep‐sea benthic foraminiferal survival, Global Change 
Biology, 15(8), 2078-2088. 
 106 
 
Bibby, R., P. Cleall-Harding, S. Rundle, S. Widdicombe, and J. Spicer (2007), Ocean 
acidification disrupts induced defences in the intertidal gastropod Littorina littorea, Biology 
Letters, 3(6), 699-701. 
Bijma, J., B. Honisch, and R. E. Zeebe (2002), Impact of the ocean carbonate chemistry on living 
foraminiferal shell weight: comment on “Carbonate ion concentration in glacial-age deepwaters 
of the Caribbean Sea” by W.S. Broecker and E. Clark, Geochem. Geophys. Geosyst, 3(11), 1064. 
Billups, K., and D. P. Schrag (2002), Paleotemperatures and ice volume of the past 27 Myr 
revisited with paired Mg/Ca and 
18
O/
16
O measurements on benthic foraminifera, 
Paleoceanography, 17(1), 3-1. 
Blackmon, P. D., and R. Todd (1959), Mineralogy of some foraminifera as related to their 
classification and ecology, Journal of Paleontology, 33(1), 1-15. 
Bock, W. D. (1971), A handbook of the benthonic foraminifera of Florida Bay and adjacent 
waters, Miami Geological Society, Memoir 1, 1-92. 
Borths, M. R., and W. I. Ausich (2011), Ordovician–Silurian Lilliput crinoids during the end-
Ordovician biotic crisis, Swiss Journal of Palaeontology, 130(1), 7-18. 
Bosence, D. (1989a), Biogenic carbonate production in Florida Bay, Bulletin of Marine Science, 
44(1), 419-433. 
Bosence, D. (1989b), Surface sublittoral sediments of Florida Bay, Bulletin of Marine Science, 
44(1), 434-453. 
BouDagher-Fadel, M. K. (2008), Evolution and geological significance of larger benthic 
foraminifera (Vol. 21), Elsevier, Amsterdam. 
Brasier, M. D., and O. R. Green (1993), Winners and losers: Stable isotopes and microhabitats of 
living Archaiadae and Eocene Nummulites (larger foraminifera), Marine Micropaleontology, 
20(3), 267-276. 
Broecker, W. S. (1974), Chemical oceanography, Harcourt Brace Jovanovich, New York. 
Broecker, W. S., Y. H. Li, and T. H. Peng (1971), Carbon dioxide-man’s unseen artifact, in 
Impingement of Man on the Oceans, pp. 287-324, Wiley-Interscience, New York. 
Broecker, W. S., T. H. Peng, and Z. Beng (1982), Tracers in the Sea, Lamont-Doherty 
Geological Observatory, Columbia University, New York. 
Brooks, G. R., and L. J. Doyle (1991), Geologic development and depositional history of the 
Florida Middle Ground: a mid-shelf, temperate-zone reef system in the northeastern Gulf of 
Mexico, in SEPM Special Publication No. 46: From Shoreline to Abyss, edited by R. H. 
Osborne, SEPM, Tulsa, OK, 189-203. 
Brooks, G.R., and D. Mallinson (2009), Florida Middle Ground Reef Complex, in Gulf of 
Mexico: Origin, Waters, and Biota, edited by N. Buster and C. W. Holmes, p. 446, Texas A&M 
University Press, College Station, Texas. 
 107 
 
Brooks, G. R., L. J. Doyle, R. A. Davis, N. T. DeWitt, and B. C. Suthard (2003), Patterns and 
controls of surface sediment distribution: West-central Florida inner shelf, Marine Geology, 
200(1), 307-324. 
Buczkowski, B. J., J. A. Reid, C. J. Jenkins, J. M. Reid, S. J. Williams, and J. G. Flocks (2006), 
usSEABED: Gulf of Mexico and Caribbean (Puerto Rico and US Virgin Islands) offshore 
surficial sediment data release, 1.0 ed., U.S. Geological Survey. 
Busch, D. S., C. J. Harvey, and P. McElhany (2013), Potential impacts of ocean acidification on 
the Puget Sound food web, ICES Journal of Marine Science: Journal du Conseil, 70(4), 823-
833. 
Butler, J. N. (1991), Carbon dioxide equilibria and their applications, CRC Press, Addison-
Wesley, MI. 
Buzas, M. A., R. C. Douglas, and C. C. Smith (1987), Kingdom Protista, in Fossil Invertebrates, 
edited by Boardman, R.S., Cheetham, A.H., and A.J. Rowell, Blackwell Science, Cambridge, NJ. 
Cahoon, D. R., and J. C. Lynch (1997), Vertical accretion and shallow subsidence in a mangrove 
forest of southwestern Florida, USA, Mangroves and Salt Marshes, 1(3), 173-186. 
Caldeira, K., and M. E. Wickett (2003), Anthropogenic carbon and ocean pH, Nature, 
425(6956), 365. 
Cicerone, R., J. Orr, P. Brewer, P. Haugan, L. Merlivat, T. Ohsumi, S. Pantoja, and H. O. 
Poertner (2004), The ocean in a high CO2 world, Eos Trans. AGU, 85(37), 351–353. 
Clayton, T. D., and R. H. Byrne (1993), Spectrophotometric seawater pH measurements: total 
hydrogen ion concentration scale calibration of m-cresol purple and at-sea results, Deep-Sea 
Research, 40, 2115-2129. 
Cockey, E., P. Hallock, and B. H. Lidz (1996), Decadal-scale changes in benthic foraminiferal 
assemblages off Key Largo, Florida, Coral Reefs, 15(4), 237-248. 
Comeau, S., G. Gorsky, S. Alliouane, and J.-P. Gattuso (2010), Larvae of the pteropod Cavolinia 
inflexa exposed to aragonite undersaturation are viable but shell-less, Marine Biology, 157(10), 
2341-2345. 
Cottey, T. L., and P. Hallock (1988), Test surface degradation in Archaias angulatus, The 
Journal of Foraminiferal Research, 18(3), 187. 
Courtney, T., I. Westfield, and J. Ries (2013), CO2-induced ocean acidification impairs 
calcification in the tropical urchin Echinometra viridis, Journal of Experimental Marine Biology 
and Ecology, 440, 169-175. 
Crevison, H., and P. Hallock (2007), Anomalous features observed on tests of live Archaiasine 
foraminifers from the Florida Keys, U.S.A., The Journal of Foraminiferal Research, 37(3), 223-
233. 
 
 108 
 
Culver, S. J., M. A. Buzas, and S. Institution (1982), Distribution of Recent benthic foraminifera 
in the Caribbean Region [data file], in Smithsonian Contributions to the Marine Sciences, (14), 
Smithsonian Institution Press, Washington D.C. 
Cummings, V., J. Hewitt, A. Van Rooyen, K. Currie, S. Beard, S. Thrush, J. Norkko, N. Barr, P. 
Heath, and N. J. Halliday (2011), Ocean acidification at high latitudes: Potential effects on 
functioning of the Antarctic bivalve Laternula elliptica, PloS one, 6(1), e16069. 
Dawkins, R., and J. R. Krebs (1979), Arms races between and within Species, Proceedings of the 
Royal Society of London. Series B, Biological Sciences, 205(1161), 489-511. 
de Nooijer, L. J., T. Toyofuku, and H. Kitazato (2009), Foraminifera promote calcification by 
elevating their intracellular pH, Proceedings of the National Academy of Sciences, 106(36), 
15374-15378. 
de Nooijer, L. J., T. Toyofuku, K. Oguri, H. Nomaki, and H. Kitazato (2008), Intracellular pH 
distribution in foraminifera determined by the fluorescent probe HPTS, Limnology 
Oceanography: Methods, 6, 610-618. 
Debenay, J.-P., André, J.-P., and M. Lesourd (1999), Production of lime mud by breakdown of 
foraminiferal tests, Marine Geology, 157, 159-170. 
Dettmering, C., R. Röttger, J. Hohenegger, and R. Schmaljohann (1998), The trimorphic life 
cycle in foraminifera: Observations from cultures allow new evaluation, European Journal of 
Protistology, 34(4), 363-368. 
Dias, B. B., M. B. Hart, C. W. Smart, and J. M. Hall-Spencer (2010), Modern seawater 
acidification: The response of foraminifera to high-CO2 conditions in the Mediterranean Sea, 
Journal of the Geological Society, 167(5), 843-846. 
Dickson, A. G., J. D. Afghan, and G. C. Anderson (2003), Reference materials for oceanic CO2 
analysis: A method for the certification of total alkalinity, Marine Chemistry, 80(2), 185-197. 
Dickson, A. G., C. L. Sabine, and J. R. Christian (2007), Guide to best practices for ocean CO2 
measurements, North Pacific Marine Science Organization, PICES Special Publication, 3¸ 
Sidney, B.C. 
Dissard, D., G. Nehrke, G.-J. Reichart, and J. Bijma (2010), Impact of seawater pCO2 on 
calcification and Mg/Ca and Sr/Ca ratios in benthic foraminifera calcite: results from culturing 
experiments with Ammonia tepida, Biogeosciences, 7, 81. 
Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas (2009), Ocean acidification: The other 
CO2 problem, Annual Review of Marine Science, 1, 169-192. 
Doyle, L. J., and T. N. Sparks (1980), Sediments of the Mississippi, Alabama, and Florida 
(MAFLA) continental shelf, Journal of Sedimentary Research, 50(3). 
Duarte, C. M. (1991), Seagrass depth limits, Aquatic Botany, 40(4), 363-377. 
 
 109 
 
Dupont, S., N. Dorey, M. Stumpp, F. Melzner, and M. Thorndyke (2012), Long-term and trans-
life-cycle effects of exposure to ocean acidification in the green sea urchin Strongylocentrotus 
droebachiensis, Marine Biology, 160(8), 1-9. 
Ebrahim, M. T. (2000), Impact of anthropogenic environmental change on larger foraminifera, in 
Environmental Micropaleontology, edited by Martin, R. E., pp. 105-119, Kluwer-Plenum, N.Y. 
Elderfield, H., and G. Ganssen (2000), Past temperature and δ18O of surface ocean waters 
inferred from foraminiferal Mg/Ca ratios, Nature, 405(6785), 442-445. 
Emiliani, C. (1955), Pleistocene temperatures, The Journal of Geology, 63(6), 538-578. 
Epstein, S., and T. Mayeda (1953), Variation of O
18
 content of waters from natural sources, 
Geochimica et cosmochimica acta, 4(5), 213-224. 
Erez, J. (2003), The source of ions for biomineralization in foraminifera and their implications 
for paleoceanographic proxies, Reviews in mineralogy and geochemistry, 54(1), 115-149. 
ESRI (2012), ArcGIS 10.1, Environmental Systems Research Institute, Redlands, CA. 
Ewel, K. C. (1990), Swamps, in Ecosystems of Florida, edited by R. L. Myers and J. J. Ewel, pp. 
281-323, University of Central Florida Press, Orlando, FL. 
Fabricius, K., G. De'ath, S. Noonan, and S. Uthicke (2014), Ecological effects of ocean 
acidification and habitat complexity on reef-associated macroinvertebrate communities, 
Proceedings of the Royal Society B: Biological Sciences, 281(1775), 20132479. 
Fabry, V. J., B. A. Seibel, R. A. Feely, and J. C. Orr (2008), Impacts of ocean acidification on 
marine fauna and ecosystem processes, ICES Journal of Marine Science, 65(3), 414. 
Feely, R. A., S. C. Doney, and S. R. Cooley (2009), Ocean acidification: Present conditions and 
future changes in a high-CO2 world, Oceanography, 22(4), 36-47. 
Fermont, W. J. J. (1982), Discocyclinidae from Ein Avedat (Israel), Utrecht 
Micropaleontological Bulletins, 27. 
Fichtel, L., and J. P. C. Moll (1798), Testacea microscopica aliaque minuta ex generibus 
argonauta et nautilus ad naturam picta et nautilus, Anton Pichler, Vienna. 
Flügel, E. (2004), Microfacies of carbonate rocks, Springer, Berlin. 
Force, L. M. (1969), Calcium carbonate size distribution of the W. Florida shelf and 
experimental studies on the microarchitectural control of skeletal breakdown, Journal of 
sedimentary research, 39, 902-934. 
Fourqurean, J. W., A. Willsie, C. D. Rose, and L. M. Rutten (2001), Spatial and temporal pattern 
in seagrass community composition and productivity in south Florida, Marine Biology, 138(2), 
341-354. 
Francus, P. (2004), Image analysis, sediments and paleoenvironments, Springer Science + 
Business Media, New York. 
 110 
 
Fujita, K., M. Hikami, A. Suzuki, A. Kuroyanagi, K. Sakai, H. Kawahata, and Y. Nojiri (2011), 
Effects of ocean acidification on calcification of symbiont-bearing reef foraminifers, 
Biogeosciences, 8(8), 2089-2098. 
Gazeau, F., L. M. Parker, S. Comeau, J.-P. Gattuso, W. A. O’Connor, S. Martin, H.-O. Pörtner, 
and P. M. Ross (2013), Impacts of ocean acidification on marine shelled molluscs, Marine 
Biology, 160(8), 2207-2245. 
Gibbs, S. J., H. M. Stoll, P. R. Bown, and T. J. Bralower (2010), Ocean acidification and surface 
water carbonate production across the Paleocene-Eocene thermal maximum, Earth and 
Planetary Science Letters, 295(3-4), 583-592. 
Glas, M. S., K. E. Fabricius, D. de Beer, and S. Uthicke (2012), The O2, pH and Ca
2+
 
microenvironment of benthic foraminifera in a high CO2 world, PLoS ONE, 7(11), e50010. 
Gledhill, D. K., R. Wanninkhof, F. J. Millero, and M. Eakin (2008), Ocean acidification of the 
greater Caribbean region 1996–2006, Journal of Geophysical Research: Oceans, 113(C10), 
2156-2202. 
Goldstein, S. T. (2003), Foraminifera: a biological overview, in Modern Foraminifera, ed. Sen 
Gupta, B.K., pp. 37-55, Springer, New York. 
Gonzalez-Mora, B., F. J. Sierro, and J. A. Flores (2008), Controls of shell calcification in 
planktonic foraminifers, Quaternary Science Reviews, 27(9), 956-961. 
Gould, H. R., and R. H. Stewart (1955), Continental terrace sediments in the northeastern Gulf of 
Mexico, in Finding Ancient Shorelines, SEPM Special Publication, 3. 
Graham, L. E., and L. W. Wilcox (2000), Algae, Prentice-Hall, Inc., NJ. 
Gross, M. G. (1964), Variations in the O
18
/O
16
 and C
13
/C
12
 ratios of diagenetically altered 
limestones in the Bermuda Islands, The Journal of Geology, 72(2), 170-194. 
Grossman, E. L. (1987), Stable isotopes in modern benthic foraminifera; a study of vital effect, 
The Journal of Foraminiferal Research, 17(1), 48-61. 
Guinotte, J. M., and V. J. Fabry (2008), Ocean acidification and its potential effects on marine 
ecosystems, Annals of the New York Academy of Sciences, 1134(1), 320-342. 
Hallock, P. (1981), Production of carbonate sediments by selected large benthic foraminifera on 
two Pacific coral reefs, J. Sed. Petrol., 51/2, 467-474. 
Hallock, P. (1985), Why are larger foraminifera large?, Paleobiology, 11, 195-208. 
Hallock, P. (1999), Symbiont-bearing foraminifera, in Modern Foraminifera, ed. Sen Gupta, 
B.K., pp. 123-139. 
Hallock, P. (2000), Symbiont-bearing foraminifera: Harbingers of global change?, 
Micropaleontology, 46, 95-104. 
 
 111 
 
Hallock, P., and E. C. Glenn (1986), Larger foraminifera: A tool for paleoenvironmental analysis 
of Cenozoic carbonate depositional facies, Palaios, 1, 55-64. 
Hallock, P., and M. W. Peebles (1993), Foraminifera with chlorophyte endosymbionts: Habitats 
of six species in the Florida Keys, Marine Micropaleontology, 20(3-4), 277-292. 
Hallock, P., L. B. Forward, and H. J. Hansen (1986a), Influence of environment on the test shape 
of Amphistegina, The Journal of Foraminiferal Research, 16(3), 224. 
Hallock, P., T. L. Cottey, L. B. Forward, and J. Halas (1986b), Population biology and sediment 
production of Archaias angulatus (Foraminiferida) in Largo Sound, Florida, The Journal of 
Foraminiferal Research, 16(1), 1. 
Hallock, P., H. K. Talge, K. Smith, and E. M. Cockey (1992), Bleaching in a reef-dwelling 
foraminifer, Amphistegina gibbosa, in International Coral Reef Symposium, vol. 7, 44-49. 
Hallock, P., H. K. Talge, E. M. Cockey, and R. G. Muller (1995), A new disease in reef-dwelling 
foraminifera; implications for coastal sedimentation, The Journal of Foraminiferal Research, 
25(3), 280-286. 
Hallock, P., B. H. Lidz, E. M. Cockey-Burkhard, and K. B. Donnelly (2003), Foraminifera as 
bioindicators in coral reef assessment and monitoring: The FORAM Index, Environmental 
monitoring and assessment, 81(1), 221-238. 
Hallock, P., D. E. Williams, E. M. Fisher, and S. K. Toler (2006), Bleaching in foraminifera with 
algal symbionts: Implications for reef monitoring and risk assessment, Anuário do Instituto de 
Geociências, 29, 108–128. 
Hallock, P., L. L. Robbins, R. Larson, T. Beck, P. Schwing, M. Martinez-Colon, and B. Gooch 
(2010), West Florida Shelf: A natural laboratory for the study of ocean acidification, U.S. 
Geological Survey. 
Hammerstrom, K. K., W. J. Kenworthy, M. S. Fonseca, and P. E. Whitfield (2006), Seed bank, 
biomass, and productivity of Halophila decipiens, a deep water seagrass on the west Florida 
continental shelf, Aquatic botany, 84(2), 110-120. 
Harney, J. N., P. Hallock, and H. K. Talge (1998), Observations on a trimorphic life cycle in 
Amphistegina gibbosa populations from the Florida Keys, Journal of Foraminiferal Research, 
28(2), 141-147. 
Harries, P. J., and P. O. Knorr (2009), What does the ‘Lilliput Effect’ mean?, Palaeogeography, 
Palaeoclimatology, Palaeoecology, 284(1), 4-10. 
Harrison, S. E., S. D. Locker, A. C. Hine, J. H. Edwards, D. F. Naar, D. C. Twichell, and D. J. 
Mallinson (2003), Sediment-starved sand ridges on a mixed carbonate/siliciclastic inner shelf off 
west-central Florida, Marine Geology, 200(1), 171-194. 
Hastings, D. W., A. D. Russell, and S. R. Emerson (1998), Foraminiferal magnesium in 
Globeriginoides sacculifer as a paleotemperature proxy, Paleoceanography, 13(2), 161-169. 
 112 
 
Hautmann, M. (2004), Effect of end-Triassic CO2 maximum on carbonate sedimentation and 
marine mass extinction, Facies, 50(2), 257-261. 
Haynert, K., J. Schönfeld, U. Riebesell, and I. Polovodova (2011), Biometry and dissolution 
features of the benthic foraminiferal species Ammonia aomoriensis at high pCO2, Marine 
Ecology Progress Series, 432, 53-67. 
Hemleben, C., O. R. Anderson, W. Berthold, and M. Spindler (1986), Calcification and chamber 
formation in foraminifera - a brief overview, in Mineralization in lower plants and animals, 
edited by B. S. C. Leadbeater and R. Riding, pp. 237-249, Oxford Univ. Press, Oxford. 
Hine, A., and S. D. Locker (2009), Florida Gulf of Mexico continental shelf: Great contrasts and 
significant transitions, in Gulf of Mexico: Origin, Waters, and Biota, edited by N. Buster and C. 
W. Holmes, Texas A&M University Press, College Station, Texas. 
Hine, A. C., G. R. Brooks, R. A. Davis Jr., D. S. Duncan, S. D. Locker, D. C. Twichell, and G. 
Gelfenbaum (2003), The west-central Florida inner shelf and coastal system: a geologic 
conceptual overview and introduction to the special issue, Marine Geology, 200, 1-17. 
Hönisch, B., A. Ridgwell, D. N. Schmidt, E. Thomas, S. J. Gibbs, A. Sluijs, R. Zeebe, L. Kump, 
R. C. Martindale, and S. E. Greene (2012), The geological record of ocean acidification, Science, 
335(6072), 1058-1063. 
Hottinger, L. (1986), Construction, structure, and function of foraminiferal shells, 
Biomineralization in lower plants and animals. Systematics Association Special, 30, 222-235. 
Iglesias-Rodriguez, M. D., P. R. Halloran, R. E. M. Rickaby, I. R. Hall, E. Colmenero-Hidalgo, 
J. R. Gittins, D. R. H. Green, T. Tyrrell, S. J. Gibbs, and P. Von Dassow (2008), Phytoplankton 
calcification in a high-CO2 world, Science, 320(5874), 336. 
Imbrie, J., J. D. Hays, D. G. Martinson, A. McIntyre, A. C. Mix, J. J. Morley, N. G. Pisias, W. L. 
Prell, and N. J. Shackleton (1984), The orbital theory of Pleistocene climate: Support from a 
revised chronology of the marine δ18O record, paper presented at Milankovitch and climate: 
Understanding the response to astronomical forcing, 1, 269. 
IPCC (2013), Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, 
edited by Stocker, T., D. Qin, G. Plattner, M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia, 
V. Bex, and P. Midgley, Cambridge University Press, Cambridge, U.K., pp. 1535. 
Jaap, W. C., and P. Hallock (1990), Coral Reefs, in Ecosystems of Florida, edited by R. L. Myers 
and J. J. Ewel, pp. 574-616, University of Central Florida Press, Orlando, FL. 
Jarrett, B. D., A. C. Hine, R. B. Halley, D. F. Naar, S. D. Locker, A. C. Neumann, D. Twichell, 
C. Hu, B. T. Donahue, and W. C. Jaap (2005), Strange bedfellows—a deep-water hermatypic 
coral reef superimposed on a drowned barrier island; southern Pulley Ridge, S.W. Florida 
platform margin, Marine Geology, 214(4), 295-307. 
 
 113 
 
Keeling, C. D., S.C. Piper, R. B. Bacastow, R. B., M. Wahlen, T. P. Whorf, M. Heimann, and H. 
A. Meijer (2013), Exchanges of atmospheric CO2 and 
13
CO2 with the terrestrial biosphere and 
oceans from 1978 to 2000, Scripps Institute of Oceanography, San Diego. 
Keller, G. (1988), Extinction, survivorship and evolution of planktic foraminifera across the 
Cretaceous/Tertiary boundary at El Kef, Tunisia, Marine Micropaleontology, 13(3), 239-263. 
Keul, N., G. Langer, L. J. de Nooijer, and J. Bijma (2013), Effect of ocean acidification on the 
benthic foraminifera Ammonia sp. is caused by a decrease in carbonate ion concentration, 
Biogeosciences, 10(10), 6185-6198. 
Kleypas, J. A., and C. Langdon (2006), Coral reefs and changing seawater carbonate chemistry, 
Coastal and estuarine studies, 61, 73-110. 
Kleypas, J. A., R. A. Feely, V. J. Fabry, C. Langdon, C. L. Sabine, and L. L. Robbins (2005), 
Impacts of ocean acidification on coral reefs and other marine calcifiers: A guide for future 
research. Report of a workshop sponsored by NSF, NOAA & USGS, U.S. Geological Survey. 
Koch, M., G. Bowes, C. Ross, and X. H. Zhang (2013), Climate change and ocean acidification 
effects on seagrasses and marine macroalgae, Global change biology, 19(1), 103-132. 
Kroeker, K. J., R. L. Kordas, R. N. Crim, and G.G. Singh (2010), Meta‐analysis reveals negative 
yet variable effects of ocean acidification on marine organisms, Ecology letters, 13(11), 1419-
1434. 
Kroeker, K. J., R. L. Kordas, R. Crim, I. E. Hendriks, L. Ramajo, G. S. Singh, C. M. Duarte, and 
J. P. Gattuso (2013), Impacts of ocean acidification on marine organisms: quantifying 
sensitivities and interaction with warming, Global change biology, 19(6), 1884-1896. 
Kuffner, I. B., A. J. Andersson, P. L. Jokiel, K. S. Rodgers, and F. T. Mackenzie (2008), 
Decreased abundance of crustose coralline algae due to ocean acidification, Nature Geoscience, 
1(2), 114-117. 
Kuroyanagi, A., H. Kawahata, A. Suzuki, K. Fujita, and T. Irie (2009), Impacts of ocean 
acidification on large benthic foraminifers: Results from laboratory experiments, Marine 
Micropaleontology, 73(3), 190-195. 
Langdon, C., T. Takahashi, C. Sweeney, D. Chipman, J. Goddard, F. Marubini, H. Aceves, H. 
Barnett, and M. J. Atkinson (2000), Effect of calcium carbonate saturation state on the 
calcification rate of an experimental coral reef, Global Biogeochemical Cycles, 14(2), 639-654 
Langer, M. R. (2008), Assessing the contribution of foraminiferan protists to clobal ocean 
carbonate production, Journal of Eukaryotic Microbiology, 55(3), 163-169. 
Langer, M. R., and L. Hottinger (2000), Biogeography of selected "larger" Foraminifera, 
Micropaleontology, 46, 105-126. 
Langer, M. R., M. T. Silk, and J. H. Lipps (1997), Global ocean carbonate and carbon dioxide 
production; the role of reef Foraminifera, The Journal of Foraminiferal Research, 27(4), 271-
277. 
 114 
 
Langer, M. R., A. E. Weinmann, S. Lötters, and D. Rödder (2012), “Strangers” in paradise: 
modeling the biogeographic range expansion of the foraminifera Amphistegina in the 
Mediterranean Sea, The Journal of Foraminiferal Research, 42(3), 234-244. 
Lear, C. H., Y. Rosenthal, and N. Slowey (2002), Benthic foraminiferal Mg/Ca-
paleothermometry: A revised core-top calibration, Geochimica et Cosmochimica Acta, 66(19), 
3375-3387. 
Lee, J. J. (1995), Living sands, BioScience, 45(4), 252-261. 
Lee, J. J. (2004), Living sands: Symbiosis between foraminifera and algae, in Symbiosis, edited 
by J. Seckbach, pp. 489-506, Springer, Netherlands. 
Lee, J. J. (2006), Algal symbiosis in larger foraminifera, Symbiosis, 42(2), 63-75. 
Lee, J. J., and W. D. Bock (1976), The importance of feeding in two species of Soritid 
foraminifera with algal symbionts, Bulletin of Marine Science, 26(4), 530-537. 
Lee, J. J., and P. Hallock (1987), Algal symbiosis as the driving force in the evolution of larger 
foraminifera, Annals of the New York Academy of Sciences, 503(1), 330-347. 
Lee, J. J., and O. R. Anderson (1991), Biology of foraminifera, Academic Press, London. 
Lee, J. J., L. J. Crockett, J. Hagen, and R. J. Stone (1974), The taxonomic identity and 
physiological ecology of Chlamydomonas hedleyi sp. nov. algal flagellate symbiont from the 
foraminifer Archaias angulatus, British Phycological Journal, 9(4), 407-422. 
Lee, J. J., J. Morales, A. Symons, and P. Hallock (1995), Diatom symbionts in larger 
foraminifera from Caribbean hosts, Marine Micropaleontology, 26(1), 99-105. 
Lee, J. J., K. Sang, B. ter Kuile, E. Strauss, P. J. Lee, and W. W. Faber Jr. (1991), Nutritional and 
related experiments on laboratory maintenance of three species of symbiont-bearing, large 
foraminifera, Marine Biology, 109(3), 417-425. 
Lees, A. (1975), Possible influence of salinity and temperature on modern shelf carbonate 
sedimentation, Marine Geology, 19(3), 159-198. 
Lees, A., and A. T. Buller (1972), Modern temperate-water and warm-water shelf carbonate 
sediments contrasted, Marine Geology, 13(5), M67-M73. 
Lévy, A. (1991), Peuplements actuels et thanatocénoses à Soritidae et Peneroplidae des Keys de 
Floride(USA), Oceanologica acta, 14(5), 515-524. 
Lewis, E., D. Wallace, and L. J. Allison (1998), Program developed for CO2 system calculations, 
Carbon Dioxide Information Analysis Center, Upton, NY. 
Lidz, B. H., and P. R. Rose (1989), Diagnostic foraminiferal assemblages of Florida Bay and 
adjacent shallow waters: a comparison, Bulletin of Marine Science, 44(1), 399-418. 
 
 115 
 
Lirman, D., and P. Fong (2007), Is proximity to land-based sources of coral stressors an 
appropriate measure of risk to coral reefs? An example from the Florida Reef Tract, Marine 
Pollution Bulletin, 54(6), 779-791. 
Lo, C. P., and A. K. W. Yeung (2002), Concepts and techniques of geographic information 
systems, Prentice Hall, Upper Saddle River, NJ. 
Locker, S. D., A. C. Hine, and G. R. Brooks (2003), Regional stratigraphic framework linking 
continental shelf and coastal sedimentary deposits of west-central Florida, Marine Geology, 200, 
351-378. 
Lowenstam, H. A., and S. Weiner (1983), Mineralization by organisms and the evolution of 
biomineralization, in Biomineralization and biological metal accumulation, Springer, 
Netherlands, 191-203. 
Lowenstam, H. A., and S. Weiner (1989), On biomineralization, Oxford University Press, 
Oxford. 
Lowenstein, T. K., and R. V. Demicco (2006), Elevated Eocene atmospheric CO2 and its 
subsequent decline, Science, 313(5795), 1928. 
Lynts, G. W., and R. M. Pfister (1967), Surface ultrastructure of some tests of recent 
Foraminiferida from the Dry Tortugas, Florida, Journal of Eukaryotic Microbiology, 14(3), 387-
399. 
Macintyre, I. G., and R. P. Reid (1995), Crystal alteration in a living calcareous alga (Halimeda); 
implications for studies in skeletal diagenesis, Journal of Sedimentary Research, 65(1), 143-153. 
Macintyre, I. G., and R. P. Reid (1998), Recrystallization in living porcelaneous Foraminifera 
(Archaias angulatis): textural changes without mineralogic alteration, Journal of sedimentary 
research, 68(1). 
Mallinson, D., A. Hine, P. Hallock, S. Locker, E. Shinn, D. Naar, B. Donahue, and D. Weaver 
(2003), Development of small carbonate banks on the south Florida platform margin: response to 
sea level and climate change, Marine Geology, 199(1), 45-63. 
Manno, C., N. Morata, and R. Bellerby (2012), Effect of ocean acidification and temperature 
increase on the planktonic foraminifer Neogloboquadrina pachyderma (sinistral), Polar biology, 
35(9), 1311-1319. 
Manzello, D. P., I. C. Enochs, N. Melo, D. K. Gledhill, and E. M. Johns (2012), Ocean 
acidification refugia of the Florida reef tract, PloS one, 7(7), e41715. 
Marszalek, D. S., G. Babashoff, M. R. Noel, and D. R. Worley (1977), Reef distribution in south 
Florida, Proceedings of the 3rd International Coral Reef Symposium. 
McConnaughey, T. (1989), Biomineralization Mechanisms, in Origin, Evolution, and Modern 
Aspects of Biomineralization in Plants and Animals, edited by R. Crick, pp. 57-73, Springer, 
U.S.A. 
 116 
 
McConnaughey, T. A. (2003), Sub-equilibrium oxygen-18 and carbon-13 levels in biological 
carbonates: carbonate and kinetic models, Coral Reefs, 22(4), 316-327. 
McConnaughey, T. A., and J. F. Whelan (1997), Calcification generates protons for nutrient and 
bicarbonate uptake, Earth-Science Reviews, 42(1), 95-117. 
McCrea, J. M. (1950), On the isotopic chemistry of carbonates and a paleotemperature scale, The 
Journal of Chemical Physics, 18(6), 849-857. 
McIntyre-Wressnig, A., J. M. Bernhard, D. C. McCorkle, and P. Hallock (2013), Non-lethal 
effects of ocean acidification on the symbiont-bearing benthic foraminifer Amphistegina 
gibbosa, Marine Ecology Progress Series, 472, 45-60. 
McNeil, B. I., and R. J. Matear (2008), Southern Ocean acidification: A tipping point at 450-ppm 
atmospheric CO2, Proceedings of the National Academy of Sciences, 105(48), 18860-18864. 
Miller, J. A. (1997), Hydrogeology of Florida, in The geology of Florida, edited by A. F. 
Randazzo and D. S. Jones, pp. 69-88, University of Florida Press, Gainesville, FL. 
Millero, F. J., W. T. Hiscock, F. Huang, M. Roche, and J. Z. Zhang (2001), Seasonal variation of 
the carbonate system in Florida Bay, Bulletin of Marine Science, 68(1), 101-123. 
Milliman, J. D. (1993), Production and accumulation of calcium carbonate in the ocean: Budget 
of a nonsteady state, Global Biogeochemical Cycles, 7(4), 927-957. 
Morse, J. W., and F. T. Mackenzie (1990), Geochemistry of sedimentary carbonates vol. 48, 
Elsevier, Amsterdam. 
Morse, J. W., A. J. Andersson, and F. T. Mackenzie (2006), Initial responses of carbonate-rich 
shelf sediments to rising atmospheric pCO2 and “ocean acidification”: Role of high Mg-calcites, 
Geochimica et Cosmochimica Acta, 70(23), 5814-5830. 
Morse, J. W., R. S. Arvidson, and A. Lüttge (2007), Calcium carbonate formation and 
dissolution, Chemical Reviews, 107(2), 342-381. 
Moy, A. D., W. R. Howard, S. G. Bray, and T. W. Trull (2009), Reduced calcification in modern 
Southern Ocean planktonic foraminifera, Nature Geoscience, 2(4), 276-280. 
Muller, P. H. (1974), Sediment production foraminifer Amphistegina madagascariensis, 
Limnology Oceanography, 19(5), 802-809. 
Murray, J. W. (1991), Ecology and paleontology of benthic foraminifera, Longman, Essex. 
Murray, J. W. (2000), The enigma of the continued use of total assemblages in ecological studies 
of benthic foraminifera, The Journal of Foraminiferal Research, 30(3), 244-245. 
Nelsen, J. E., and R. N. Ginsburg (1986), Calcium carbonate production by epibionts on 
Thalassia in Florida Bay, Journal of Sedimentary Research, 56(5), 622-628. 
Nepf, H. M., and E. R. Vivoni (2000), Flow structure in depth‐limited, vegetated flow, Journal 
of Geophysical Research: Oceans, 105(12), 28547-28557. 
 117 
 
Nowell, A. R. M., and M. Church (1979), Turbulent flow in a depth‐limited boundary layer, 
Journal of Geophysical Research: Oceans, 84(C8), 4816-4824. 
Nürnberg, D., J. Bijma, and C. Hemleben (1996), Assessing the reliability of magnesium in 
foraminiferal calcite as a proxy for water mass temperatures, Geochimica et Cosmochimica Acta, 
60(5), 803-814. 
Obrochta, S. P., D. S. Duncan, and G. R. Brooks (1998), Hardbottoms of the inner west-central 
Florida continental shelf, Gulf Coast Association of Geological Societies Transactions, 48. 
Obrochta, S. P., D. S. Duncan, and G. R. Brooks (2003), Hardbottom development and 
significance to the sediment-starved west-central Florida inner continental shelf, Marine 
Geology, 200(1), 291-306. 
Orr, H. A. (2009), Fitness and its role in evolutionary genetics, Nature Reviews Genetics, 10(8), 
531-539. 
Orr, J. C., V. J. Fabry, O. Aumont, L. Bopp, S. C. Doney, R. A. Feely, A. Gnanadesikan, N. 
Gruber, A. Ishida, and F. Joos (2005), Anthropogenic ocean acidification over the twenty-first 
century and its impact on calcifying organisms, Nature, 437(7059), 681-686. 
Parker, D. M. (1982), A comparison of deep reef foraminiferal assemblages in the Eastern Gulf 
of Mexico, M.S. Thesis, 152 pp, University of South Florida, Tampa. 
Parker, L. M., P. M. Ross, W. A. O'Connor, H. O. Pörtner, E. Scanes, and J. M. Wright (2013), 
Predicting the response of molluscs to the impact of ocean acidification, Biology, 2(2), 651-692. 
Phillips, N. W., D. A. Gettleson, and K. D. Spring (1990), Benthic biological studies of the 
southwest Florida shelf, American Zoologist, 30(1), 65-75. 
Pierrot, D., E. Lewis, and D. W. R. Wallace (2006), MS Excel program developed for CO2 
system calculations ORNL/CDIAC-105a. Carbon Dioxide Information Analysis Center, Oak 
Ridge National Laboratory, Oak Ridge, TN. 
Pilson, M. E. Q. (1998), An Introduction to the Chemistry of the Sea, Prentice Hall, NJ. 
Poag, C. W. (1981), Ecologic atlas of benthic foraminifera of the Gulf of Mexico, Marine 
Science International, Woods Hole, Massachusetts. 
Raitzsch, M., A. Dueñas-Bohórquez, G.-J. Reichart, L. J. de Nooijer, and T. Bickert (2010), 
Incorporation of Mg and Sr in calcite of cultured benthic foraminifera: impact of calcium 
concentration and associated calcite saturation state, Biogeosciences, 7(3), 869-881. 
Rasband, W. S. (2007), ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA, 
Website http://rsb. info. nih. gov/ij/[accessed March 2007]. 
Reid, R. P., and I. G. Macintyre (1998), Carbonate recrystallization in shallow marine 
environments: a widespread diagenetic process forming micritized grains, Journal of 
Sedimentary Research, 68(5). 
 
 118 
 
Reymond, C. E., A. Lloyd, D. I. Kline, S. G. Dove, and J. M. Pandolfi (2013), Decline in growth 
of foraminifer Marginopora rossi under eutrophication and ocean acidification scenarios, Global 
Change Biology, 19(1), 291-302. 
Riebesell, U., V. J. Fabry, L. Hansson, and J.-P. Gattuso (2010), Guide to best practices for 
ocean acidification research and data reporting, Publications Office of the European Union, 
Luxembourg. 
Ries, J. B., A. L. Cohen, and D. C. McCorkle (2009), Marine calcifiers exhibit mixed responses 
to CO2-induced ocean acidification, Geology, 37(12), 1131-1134. 
Robbins, L. L., M. E. Hansen, E. A. Raabe, P. O. Knorr, and J. Browne (2007), USGS Open 
File-Report 2007-1397: Cartographic Production for the Florida Shelf Habitat (FLaSH) Map 
Study: Generation of Surface Grids, Contours, and KMZ files, U.S. Geological Survey, Reston, 
VA. 
Robbins, L. L., P. O. Knorr, X. Liu, R. H. Byrne, and E. Raabe (2009a), USGS Field Activity 
09FSH02 on the West Florida Shelf, Gulf of Mexico, in August 2009, U.S. Geological Survey, 
Reston, VA. 
Robbins, L. L., P. O. Knorr, X. Liu, R. H. Byrne, and E. Raabe (2009b), USGS Field Activity 
08FSH01 on the West Florida Shelf, Gulf of Mexico, in August 2008, U.S. Geological Survey, 
Reston, VA. 
Robbins, L. L., P. O. Knorr, X. Liu, R. H. Byrne, and E. Raabe (2010), USGS Field Activity 
09FSH01 on the West Florida Shelf, Gulf of Mexico, in February 2009, U.S. Geological Survey, 
Reston, VA. 
Robbins, L. L., P. O. Knorr, K. L. Daly, and K. E. Barrera (2014a), USGS field activities 
11BHM03 and 11BHM04 on the west Florida shelf, Gulf of Mexico, September and November 
2011, U.S. Geological Survey, Reston, VA. 
Robbins, L. L., P. O. Knorr, K. L. Daly, C. A. Taylor, and K. E. Barrera (2014b), USGS field 
activities 11BHM01 and 11BHM02 on the west Florida shelf, Gulf of Mexico, May and June 
2011, U.S. Geological Survey, Reston, VA. 
Robbins, L. L., J. G. Wynn, J. T. Lisle, K. K. Yates, P. O. Knorr, R. H. Byrne, X. Liu, M. C. 
Patsavas, K. Azetsu-Scott, and T. Takahashi (2013), Baseline monitoring of the western Arctic 
Ocean estimates 20% of Canadian Basin surface waters are undersaturated with respect to 
aragonite, PloS one, 8(9), e73796. 
Rohling, E. J., and S. Cooke (2003), Stable oxygen and carbon isotopes in foraminiferal 
carbonate shells, in Modern foraminifera, ed. Sen Gupta, B.K., pp. 239-258, Springer. 
Rollion-Bard, C., J. Erez, and T. Zilberman (2008), Intra-shell oxygen isotope ratios in the 
benthic foraminifera genus Amphistegina and the influence of seawater carbonate chemistry and 
temperature on this ratio, Geochimica et Cosmochimica Acta, 72(24), 6006-6014. 
 
 119 
 
Rude, P. D., and R. C. Aller (1991), Fluorine mobility during early diagenesis of carbonate 
sediment: An indicator of mineral transformations, Geochimica et Cosmochimica Acta, 55(9), 
2491-2509. 
Saraswati, P. K., K. Seto, and R. Nomura (2004), Oxygen and carbon isotopic variation in co-
existing larger foraminifera from a reef flat at Akajima, Okinawa, Japan, Marine 
Micropaleontology, 50(3–4), 339-349. 
Schrag, D. P. (1999), Rapid analysis of high‐precision Sr/Ca ratios in corals and other marine 
carbonates, Paleoceanography, 14(2), 97-102. 
Sen Gupta, B.K. (1999), Systematics of modern foraminifera, in Modern Foraminifera, ed. Sen 
Gupta, B.K., 7-36. 
Shackleton, N. J. (1977), Carbon-13 in Uvigerina: Tropical rainforest history and the Equatorial 
Pacific carbonate dissolution cycles, in The fate of fossil fuel CO2 in the oceans, ed. N.R. 
Anderson and A. Malahoff, Plenum, NY, 401-427. 
Shackleton, J., and N. D. Opdyke (1973), Oxygen isotope and paleomagnetic stratigraphy of 
equatorial core V28-238: oxygen isotope temperature and ice volumes on a 10
5
 sea and 10
6
 year 
scale, Quaternary Research, 3, 39-55. 
Shiller, A. (1997), Pore water chemistry in carbonate sediments of the Dry Tortugas and 
Marquesas Keys - implications for sediment structure. Proceedings of the Coastal Benthic 
Boundary Layer Key West Workshop Feb. 4-7, 1997, Naval Research Laboratory, Stennis Space 
Center, MS. 
Sibson, R. (1981), A brief description of natural neighbour interpolation, Interpreting 
multivariate data, 21. 
Smith, S. V. (1978), Coral-reef area and the contributions of reefs to processes and resources of 
the world's oceans, Nature, 273, 225-226. 
Souder, H. L. (2009), Shell abnormalities in Archaias angulatus (foraminifera) from the Florida 
Keys: An indication of increasing environmental stress?, Ph.D. dissertation, 127 pp., University 
of South Florida, Tampa. 
Souder, H. C., B. McCloskey, P. Hallock, and R. Byrne (2010), Shell anomalies observed in a 
population of Archaias angulatus (Foraminifera) from the Florida Keys (USA) sampled in 1982-
83 and 2006-07, Marine Micropaleontology, 77(1-2), 71-81. 
Spero, H. J., J. Bijma, D. W. Lea, and B. E. Bemis (1997), Effect of seawater carbonate 
concentration on foraminiferal carbon and oxygen isotopes, Nature, 390(6659), 497-499. 
Sukumar, N., B. Moran, A. Yu Semenov, and V. Belikov (2001), Natural neighbour Galerkin 
methods, International Journal for Numerical Methods in Engineering, 50(1), 1-27. 
Sussko, R. J., and R. A. Davis, Jr. (1992), Siliciclastic-to-carbonate transition on the inner shelf 
embayment, southwest Florida, Marine Geology, 107(1), 51-60. 
 120 
 
Talge, H. K., and P. Hallock (1995), Cytological examination of symbiont loss in a benthic 
foraminifera, Amphistegina gibbosa, Marine Micropaleontology, 26(1–4), 107-113. 
ter Kuile, B., and J. Erez (1987), Uptake of inorganic carbon and internal carbon cycling in 
symbiont-bearing benthonic foraminifera, Marine Biology, 94(4), 499-509. 
ter Kuile, B., and J. Erez (1988), The size and function of the internal inorganic carbon pool of 
the foraminifer Amphistegina lobifera, Marine Biology, 99(4), 481-487. 
ter Kuile, B. H., J. Erez, and J. J. Lee (1987), The role of feeding in the metabolism of larger 
symbiont bearing foraminifera, Symbiosis, 4(1-3), 335-350. 
ter Kuile, B., J. Erez, and E. Padan (1989), Mechanisms for the uptake of inorganic carbon by 
two species of symbiont-bearing foraminifera, Marine Biology, 103(2), 241-251. 
Theobald, D. M. (2007), GIS concepts and ArcGIS methods, Conservation Planning 
Technologies, Fort Collins, CO. 
Toler, S. K., P. Hallock, and J. Schijf (2001), Mg/Ca ratios in stressed foraminifera, 
Amphistegina gibbosa, from the Florida Keys, Marine Micropaleontology, 43(3), 199-206. 
Tucker, M. E., and V. P. Wright (1990), Carbonate sedimentology, Blackwell, Oxford. 
Tucker, M. E., and R. G. C. Bathurst (1990), Carbonate diagenesis, Blackwell, Oxford. 
Twichell, D., G. Brooks, G. Gelfenbaum, V. Paskevich, and B. Donahue (2003), Sand ridges off 
Sarasota, Florida: A complex facies boundary on a low-energy inner shelf environment, Marine 
Geology, 200(1), 243-262. 
Twitchett, R. J. (2007), The Lilliput effect in the aftermath of the end-Permian extinction event, 
Palaeogeography, Palaeoclimatology, Palaeoecology, 252(1), 132-144. 
Tyner, E. T. (2003), Calcium carbonate production on the central west Florida continental shelf, 
M.S. Thesis, 166 pp, University of South Florida, Tampa. 
Urbanek, A. (1993), Biotic crises in the history of Upper Silurian graptoloids: a palaeobiological 
model, Historical Biology, 7(1), 29-50. 
Uthicke, S., N. Vogel, J. Doyle, C. Schmidt, and C. Humphrey (2012), Interactive effects of 
climate change and eutrophication on the dinoflagellate-bearing benthic foraminifer 
Marginopora vertebralis, Coral Reefs, 31(2), 401-414. 
Vinot-Bertouille, A.-C., and J.-C. Duplessy (1973), Individual isotopic fractionation of carbon 
and oxygen in benthic foraminifera, Earth and Planetary Science Letters, 18(2), 247-252. 
Vogel, N., and S. Uthicke (2012), Calcification and photobiology in symbiont-bearing benthic 
foraminifera and responses to a high CO2 environment, Journal of Experimental Marine Biology 
and Ecology, 424, 15-24. 
Walker, R. A., P. Hallock, J. J. Torres, and G. A. Vargo (2011), Photosynthesis and respiration in 
five species of benthic foraminifera that host algal endosymbionts, J Foram Res, 41(4), 314-325. 
 121 
 
Walter, L. M., and J. W. Morse (1984a), Reactive surface area of skeletal carbonates during 
dissolution; effect of grain size, Journal of Sedimentary Research, 54(4), 1081-1090. 
Walter, L. M., and J. W. Morse (1984b), A re-evaluation of magnesian calcite stabilities, 
Geochimica et Cosmochimica Acta, 49, 1059-1069. 
Wanless, H. (1977), Baseline monitoring studies, Mississippi, Alabama, Florida outer continental 
shelf, 1975-1976, U.S. Bureau of Land Management, Washington, D.C. 
Watson, A. J., and J. C. Orr (2003), Carbon dioxide fluxes in the global ocean, in Ocean 
Biogeochemistry, pp. 123-143, Springer, Berlin. 
Wefer, G. (1985), Die verteilung stabiler isotope in kalkschalen mariner organismen, 
Geologisches Jahrbuch, Bundesanstalt für Geowissenschaften und Rohstoffe, Reihe A, Heft 82, 
Stuttgart. 
Wefer, G., and W. H. Berger (1991), Isotope paleontology: Growth and composition of extant 
calcareous species, Marine Geology, 100(1–4), 207-248. 
Weiner, S., and P. M. Dove (2003), An overview of biomineralization processes and the problem 
of the vital effect, Reviews in Mineralogy and Geochemistry, 54(1), 1-29. 
Wetmore, K. L. (1999), Chamber formation in Archaias angulatus, Journal of Foraminiferal 
Research, 29(1), 69-74. 
Williams, D. E., and P. Hallock (2004), Bleaching in Amphistegina gibbosa d’Orbigny (Class 
Foraminifera): Observations from laboratory experiments using visible and ultraviolet light, 
Marine Biology, 145(4), 641-649. 
Williams, D. E., P. Hallock, H. K. Talge, J. N. Harney, and G. McRae (1997), Responses of 
Amphistegina gibbosa populations in the Florida Keys (USA) to a multi-year stress event (1991-
1996), The Journal of Foraminiferal Research, 27(4), 264-269. 
Wilson, B. (2006), The environmental significance of Archaias angulatus (Miliolida, 
Foraminifera) in sediments Around Nevis, West Indies, Caribbean Journal of Science, 42(1), 20. 
Wood, H. L., J. I. Spicer, and S. Widdicombe (2008), Ocean acidification may increase 
calcification rates, but at a cost, Proceedings of the Royal Society B, 275(1644), 1767. 
Wright, E. E., A. C. Hine, S. L. Goodbred Jr, and S. D. Locker (2005), The effect of sea-level 
and climate change on the development of a mixed siliciclastic–carbonate, deltaic coastline: 
Suwannee River, Florida, U.S.A., Journal of Sedimentary Research, 75(4), 621-635. 
Yao, W., and R. H. Byrne (1998), Simplified seawater alkalinity analysis: Use of linear array 
spectrometers, Deep-Sea Research Part I, 45(8), 1383-1392. 
Zeebe, R. E. (1999), An explanation of the effect of seawater carbonate concentration on 
foraminiferal oxygen isotopes, Geochimica et Cosmochimica Acta, 63(13), 2001-2007. 
Zohary, T., Z. Reiss, and L. Hottinger (1980), Population dynamics of Amphisorus hemprichii 
(Foraminifera) in the Gulf of Elat (Aqaba), Red Sea, Eclogae Geol. Helv, 73(3), 1071-1094.
 122 
 
 
 
 
 
 
APPENDIX 1: 
ONE-WAY ANOVA (A. ANGULATUS WEEKLY GROWTH) 
 
One-way ANOVA: Archaias angulatus weekly increase in diameter in μm 
(Diameter_Change) versus treatment and duration (NewBlock). NewBlock codes: 1 (pH 
8.0, 2 weeks), 2 (8.0, 4), 3 (8.0, 6), 4 (7.8, 2), 5 (7.8, 4), 6 (7.8, 6), 7 (7.6, 2), 8 (7.6, 4), 9 
(7.6, 6). 
 
Source    DF     SS    MS     F      P 
NewBlock   8  44558  5570  3.41  0.008 
Error     26  42487  1634 
Total     34  87045 
 
S = 40.42   R-Sq = 51.19%   R-Sq(adj) = 36.17% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---------+---------+---------+---------+ 
1      5  114.46  28.47                (-------*------) 
2      6  152.36  39.35                         (-----*------) 
3      5  139.20  61.82                     (-------*------) 
4      3   81.45  27.30        (--------*---------) 
5      1   89.18      *  (----------------*---------------) 
6      2   87.71  16.19       (-----------*----------) 
7      6   53.05  35.64     (------*-----) 
8      5   70.25  33.98        (------*------) 
9      2  116.25  59.09            (-----------*-----------) 
                         ---------+---------+---------+---------+ 
                                 50       100       150       200 
 
Pooled StDev = 40.42 
 
 
Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of NewBlock 
 
Individual confidence level = 99.77% 
 
 
NewBlock = 1 subtracted from: 
 
NewBlock    Lower  Center   Upper  --------+---------+---------+---------+- 
2          -44.65   37.91  120.47                (------*------) 
3          -61.48   24.75  110.98               (------*------) 
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4         -132.58  -33.00   66.57         (-------*--------) 
5         -174.64  -25.28  124.08     (------------*-----------) 
6         -140.83  -26.75   87.33        (---------*--------) 
7         -143.96  -61.40   21.16        (------*------) 
8         -130.44  -44.20   42.03         (------*-------) 
9         -112.28    1.80  115.87           (--------*---------) 
                                   --------+---------+---------+---------+- 
                                        -120         0       120       240 
 
 
NewBlock = 2 subtracted from: 
 
NewBlock    Lower  Center   Upper  --------+---------+---------+---------+- 
3          -95.72  -13.16   69.40            (------*------) 
4         -167.32  -70.91   25.50      (-------*-------) 
5         -210.46  -63.19   84.08  (------------*-----------) 
6         -175.98  -64.66   46.67     (---------*--------) 
7         -178.03  -99.31  -20.59     (------*-----) 
8         -164.67  -82.11    0.45      (------*------) 
9         -147.44  -36.11   75.21        (--------*--------) 
                                   --------+---------+---------+---------+- 
                                        -120         0       120       240 
 
 
NewBlock = 3 subtracted from: 
 
NewBlock    Lower  Center  Upper  --------+---------+---------+---------+- 
4         -157.32  -57.75  41.82       (-------*-------) 
5         -199.39  -50.03  99.33   (------------*-----------) 
6         -165.57  -51.50  62.58      (---------*--------) 
7         -168.71  -86.15  -3.59      (------*------) 
8         -155.18  -68.95  17.28       (------*------) 
9         -137.03  -22.95  91.12         (--------*---------) 
                                  --------+---------+---------+---------+- 
                                       -120         0       120       240 
 
 
NewBlock = 4 subtracted from: 
 
NewBlock    Lower  Center   Upper  --------+---------+---------+---------+- 
5         -149.72    7.72  165.16        (------------*------------) 
6         -118.22    6.25  130.72          (----------*---------) 
7         -124.81  -28.40   68.01          (-------*-------) 
8         -110.77  -11.20   88.37           (-------*-------) 
9          -89.67   34.80  159.26             (---------*---------) 
                                   --------+---------+---------+---------+- 
                                        -120         0       120       240 
 
 
NewBlock = 5 subtracted from: 
 
NewBlock    Lower  Center   Upper  --------+---------+---------+---------+- 
6         -168.46   -1.47  165.52      (-------------*-------------) 
7         -183.39  -36.12  111.15     (-----------*-----------) 
8         -168.28  -18.92  130.44      (-----------*------------) 
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9         -139.91   27.08  194.07        (-------------*-------------) 
                                   --------+---------+---------+---------+- 
                                        -120         0       120       240 
 
 
NewBlock = 6 subtracted from: 
 
NewBlock    Lower  Center   Upper  --------+---------+---------+---------+- 
7         -145.98  -34.65   76.68        (--------*--------) 
8         -131.53  -17.45   96.62         (---------*--------) 
9         -107.80   28.55  164.89           (----------*-----------) 
                                   --------+---------+---------+---------+- 
                                        -120         0       120       240 
 
 
NewBlock = 7 subtracted from: 
 
NewBlock   Lower  Center   Upper  --------+---------+---------+---------+- 
8         -65.36   17.20   99.76               (-----*------) 
9         -48.13   63.20  174.52                (--------*---------) 
                                  --------+---------+---------+---------+- 
                                       -120         0       120       240 
 
 
NewBlock = 8 subtracted from: 
 
NewBlock   Lower  Center   Upper  --------+---------+---------+---------+- 
9         -68.08   46.00  160.07              (---------*--------) 
                                  --------+---------+---------+---------+- 
                                       -120         0       120       240 
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APPENDIX 2: 
GENERAL LINEAR MODEL (A. ANGULATUS PSEUDOPORE AREA) 
 
General Linear Model: Archaias angulatus pseudopore area (area) versus treatment pH 
(pH) and number of weeks in culture (weeks).  
 
Factor  Type   Levels  Values 
ph      fixed       3  7.6, 7.8, 8.0 
weeks   fixed       3  2, 4, 6 
 
 
Analysis of Variance for area, using Adjusted SS for Tests 
 
Source      DF    Seq SS    Adj SS  Adj MS       F      P 
ph           2   14583.3   15477.8  7738.9  103.37  0.000 
weeks        2    4372.0    3322.8  1661.4   22.19  0.000 
ph*weeks     4   13948.2   13948.2  3487.1   46.58  0.000 
Error     3477  260318.9  260318.9    74.9 
Total     3485  293222.4 
 
 
S = 8.65268   R-Sq = 11.22%   R-Sq(adj) = 11.02% 
 
 
Tukey 95.0% Simultaneous Confidence Intervals 
Response Variable area 
All Pairwise Comparisons among Levels of ph 
ph = 7.6  subtracted from: 
 
ph    Lower  Center   Upper  --------+---------+---------+-------- 
7.8  -0.682   0.142   0.965                           (---*---) 
8.0  -5.379  -4.534  -3.690   (---*----) 
                             --------+---------+---------+-------- 
                                  -4.0      -2.0       0.0 
 
 
ph = 7.8  subtracted from: 
 
ph    Lower  Center   Upper  --------+---------+---------+-------- 
8.0  -5.542  -4.676  -3.810  (----*---) 
                             --------+---------+---------+-------- 
                                  -4.0      -2.0       0.0 
 
 
Tukey Simultaneous Tests 
Response Variable area 
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All Pairwise Comparisons among Levels of ph 
ph = 7.6  subtracted from: 
 
     Difference       SE of           Adjusted 
ph     of Means  Difference  T-Value   P-Value 
7.8       0.142      0.3518     0.40    0.9142 
8.0      -4.534      0.3608   -12.57    0.0000 
 
 
ph = 7.8  subtracted from: 
 
     Difference       SE of           Adjusted 
ph     of Means  Difference  T-Value   P-Value 
8.0      -4.676      0.3699   -12.64    0.0000 
 
 
Tukey 95.0% Simultaneous Confidence Intervals 
Response Variable area 
All Pairwise Comparisons among Levels of weeks 
weeks = 2  subtracted from: 
 
weeks  Lower  Center  Upper     +---------+---------+---------+------ 
4      1.395   2.250  3.104                           (------*------) 
6      1.025   1.855  2.685                        (-----*------) 
                                +---------+---------+---------+------ 
                             -1.2       0.0       1.2       2.4 
 
 
weeks = 4  subtracted from: 
 
weeks   Lower   Center   Upper     +---------+---------+---------+------ 
6      -1.244  -0.3945  0.4553     (------*------) 
                                   +---------+---------+---------+------ 
                                -1.2       0.0       1.2       2.4 
 
 
Tukey Simultaneous Tests 
Response Variable area 
All Pairwise Comparisons among Levels of weeks 
weeks = 2  subtracted from: 
 
       Difference       SE of           Adjusted 
weeks    of Means  Difference  T-Value   P-Value 
4           2.250      0.3650    6.163    0.0000 
6           1.855      0.3547    5.231    0.0000 
 
 
weeks = 4  subtracted from: 
 
       Difference       SE of           Adjusted 
weeks    of Means  Difference  T-Value   P-Value 
6         -0.3945      0.3631   -1.087    0.5224 
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APPENDIX 3: 
ONE-WAY ANOVA (A. ANGULATUS ISOTOPES) 
 
One-way ANOVA: Archaias angulatus δ18O(PDB) and δ13C(PDB) versus treatment pH 
(pH) after 6 weeks of culture.  
 
One-way ANOVA: δ18O (PDB) versus pH  
 
Source  DF      SS     MS     F      P 
pH       2   1.994  0.997  3.21  0.051 
Error   40  12.420  0.311 
Total   42  14.414 
 
S = 0.5572   R-Sq = 13.83%   R-Sq(adj) = 9.52% 
 
 
                           Individual 95% CIs For Mean Based on Pooled StDev 
Level   N    Mean   StDev     +---------+---------+---------+--------- 
7.6    15  0.7172  0.4481                           (-------*--------) 
8.0    21  0.4888  0.6228                      (------*------) 
8.1     7  0.0718  0.5556     (-----------*-----------) 
                              +---------+---------+---------+--------- 
                           -0.35      0.00      0.35      0.70 
 
Pooled StDev = 0.5572 
 
 
Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of pH 
 
Individual confidence level = 98.04% 
 
 
pH = 7.6 subtracted from: 
 
pH     Lower   Center    Upper    -+---------+---------+---------+-------- 
8.0  -0.6866  -0.2284   0.2299              (------*-------) 
8.1  -1.2658  -0.6454  -0.0249    (---------*----------) 
                                  -+---------+---------+---------+-------- 
                                -1.20     -0.60      0.00      0.60 
 
 
pH = 8.0 subtracted from: 
 
pH     Lower   Center   Upper    -+---------+---------+---------+-------- 
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8.1  -1.0086  -0.4170  0.1745        (---------*---------) 
                                 -+---------+---------+---------+-------- 
                               -1.20     -0.60      0.00      0.60 
 
One-way ANOVA: δ13C (PDB) versus pH  
 
Source  DF     SS     MS     F      P 
pH       2  0.558  0.279  1.32  0.278 
Error   40  8.434  0.211 
Total   42  8.991 
 
S = 0.4592   R-Sq = 6.21%   R-Sq(adj) = 1.52% 
 
 
                           Individual 95% CIs For Mean Based on 
                           Pooled StDev 
Level   N    Mean   StDev   -+---------+---------+---------+-------- 
7.6    15  1.4748  0.3991   (---------*---------) 
8.0    21  1.6063  0.5180          (-------*-------) 
8.1     7  1.8149  0.3736             (-------------*-------------) 
                            -+---------+---------+---------+-------- 
                           1.25      1.50      1.75      2.00 
 
Pooled StDev = 0.4592 
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APPENDIX 4: 
GENERAL LINEAR MODEL (A. GIBBOSA GROWTH VS PH, WEEKS) 
 
General Linear Model: Change in Amphistegina gibbosa diameter (AD) versus treatment 
pH (TreatmentNum), Weeks  
 
Factor        Type   Levels  Values 
TreatmentNum  fixed       4  7.600, 7.800, 8.006, 8.008 
Weeks         fixed       2  2, 4 
 
 
Analysis of Variance for AD, using Adjusted SS for Tests 
 
Source               DF       Seq SS       Adj SS       Adj MS       F      P 
TreatmentNum          3  4.77438E+12  3.71108E+12  1.23703E+12  172.16  0.000 
Weeks                 1  1.86277E+11  1.77353E+11  1.77353E+11   24.68  0.000 
TreatmentNum*Weeks    3  1.95586E+11  1.95586E+11  65195366655    9.07  0.000 
Error               274  1.96883E+12  1.96883E+12   7185504222 
Total               281  7.12507E+12 
 
 
S = 84767.4   R-Sq = 72.37%   R-Sq(adj) = 71.66% 
 
 
Unusual Observations for AD 
 
Obs      AD     Fit  SE Fit  Residual  St Resid 
158   51900  361947   13238   -310047     -3.70 R 
174  188215  361947   13238   -173733     -2.07 R 
198   44469  361947   13238   -317478     -3.79 R 
200  478948  247815   12779    231133      2.76 R 
224  521463  323942   18955    197521      2.39 R 
225  542669  323942   18955    218727      2.65 R 
226  523578  323942   18955    199636      2.42 R 
227  520442  323942   18955    196500      2.38 R 
237  153747  323942   18955   -170195     -2.06 R 
238  134601  323942   18955   -189341     -2.29 R 
239   98194  323942   18955   -225749     -2.73 R 
240   71125  323942   18955   -252818     -3.06 R 
251  426211  247815   12779    178396      2.13 R 
252  455374  247815   12779    207559      2.48 R 
253  422843  247815   12779    175028      2.09 R 
254  448301  247815   12779    200485      2.39 R 
258   64245  247815   12779   -183570     -2.19 R 
259   54177  247815   12779   -193639     -2.31 R 
262   50270  247815   12779   -197546     -2.36 R 
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263  555615  339146   18955    216468      2.62 R 
279  145983  339146   18955   -193164     -2.34 R 
280  149714  339146   18955   -189433     -2.29 R 
282  142577  339146   18955   -196570     -2.38 R 
 
R denotes an observation with a large standardized residual. 
 
 
Tukey 95.0% Simultaneous Confidence Intervals 
Response Variable AD 
All Pairwise Comparisons among Levels of TreatmentNum 
TreatmentNum = 7.600  subtracted from: 
 
TreatmentNum    Lower   Center    Upper  -------+---------+---------+--------- 
7.800         -235373  -194580  -153788       (-*-) 
8.006            7736    49464    91192                   (-*--) 
8.008         -283005  -243823  -204640     (-*-) 
                                         -------+---------+---------+--------- 
                                          -200000         0    200000 
 
 
TreatmentNum = 7.800  subtracted from: 
 
TreatmentNum   Lower  Center   Upper  -------+---------+---------+--------- 
8.006         203011  244044  285078                             (-*-) 
8.008         -87685  -49242  -10800               (-*) 
                                      -------+---------+---------+--------- 
                                       -200000         0    200000 
 
 
TreatmentNum = 8.006  subtracted from: 
 
TreatmentNum    Lower   Center    Upper  -------+---------+---------+--------- 
8.008         -332720  -293287  -253854  (-*-) 
                                         -------+---------+---------+--------- 
                                          -200000         0    200000 
 
 
Tukey Simultaneous Tests 
Response Variable AD 
All Pairwise Comparisons among Levels of TreatmentNum 
TreatmentNum = 7.600  subtracted from: 
 
              Difference       SE of           Adjusted 
TreatmentNum    of Means  Difference  T-Value   P-Value 
7.800            -194580       15892   -12.24    0.0000 
8.006              49464       16257     3.04    0.0126 
8.008            -243823       15265   -15.97    0.0000 
 
 
TreatmentNum = 7.800  subtracted from: 
 
              Difference       SE of           Adjusted 
TreatmentNum    of Means  Difference  T-Value   P-Value 
8.006             244044       15986   15.266    0.0000 
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8.008             -49242       14977   -3.288    0.0056 
 
 
TreatmentNum = 8.006  subtracted from: 
 
              Difference       SE of           Adjusted 
TreatmentNum    of Means  Difference  T-Value   P-Value 
8.008            -293287       15363   -19.09    0.0000 
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APPENDIX 5: 
ONE-WAY ANOVA (A. GIBBOSA WEIGHT LOSS VS PH) 
 
One-way ANOVA: Percentage of Amphistegina gibbosa weight lost by oxidation (perc) 
versus pH (treatment)  
 
Source     DF        SS        MS      F      P 
treatment   3  0.014949  0.004983  13.96  0.000 
Error      36  0.012854  0.000357 
Total      39  0.027803 
 
S = 0.01890   R-Sq = 53.77%   R-Sq(adj) = 49.92% 
 
 
                              Individual 95% CIs For Mean Based on 
                              Pooled StDev 
Level   N      Mean    StDev  ----+---------+---------+---------+----- 
7.6    10  -0.04582  0.00794                           (-----*-----) 
7.8    10  -0.08775  0.02385      (-----*-----) 
8.0    10  -0.07114  0.01176              (-----*-----) 
8.1    10  -0.09659  0.02565  (-----*-----) 
                              ----+---------+---------+---------+----- 
                               -0.100    -0.080    -0.060    -0.040 
 
Pooled StDev = 0.01890 
 
 
Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of treatment 
 
Individual confidence level = 98.93% 
 
 
treatment = 7.6 subtracted from: 
 
treatment     Lower    Center     Upper    -+---------+---------+---------+---
----- 
7.8        -0.06470  -0.04193  -0.01917       (-----*------) 
8.0        -0.04809  -0.02532  -0.00255           (------*-----) 
8.1        -0.07354  -0.05077  -0.02801    (-----*------) 
                                           -+---------+---------+---------+---
----- 
                                         -0.070    -0.035     0.000     0.035 
 
 
treatment = 7.8 subtracted from: 
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treatment     Lower    Center    Upper    -+---------+---------+---------+----
---- 
8.0        -0.00615   0.01661  0.03938                       (------*-----) 
8.1        -0.03161  -0.00884  0.01393                (-----*------) 
                                          -+---------+---------+---------+----
---- 
                                        -0.070    -0.035     0.000     0.035 
 
 
treatment = 8.0 subtracted from: 
 
treatment     Lower    Center     Upper    -+---------+---------+---------+---
----- 
8.1        -0.04822  -0.02545  -0.00269           (------*-----) 
                                           -+---------+---------+---------+---
----- 
                                         -0.070    -0.035     0.000     0.035 
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APPENDIX 6: 
ONE-WAY ANOVA (A. GIBBOSA MG/CA VS PH) 
 
One-way ANOVA: Amphistegina gibbosa Mg/Ca (Schrag Mg/Ca (mMol/Mol) analyses 
versus treatment pH (ph).  
 
Source  DF     SS    MS     F      P 
pH       2   28.6  14.3  1.23  0.314 
Error   21  245.1  11.7 
Total   23  273.7 
 
S = 3.416   R-Sq = 10.45%   R-Sq(adj) = 1.92% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level   N    Mean  StDev  ---+---------+---------+---------+------ 
7.6    11  28.534  3.207   (------*------) 
7.8     2  31.174  2.082  (----------------*----------------) 
8.0    11  30.619  3.713          (------*------) 
                          ---+---------+---------+---------+------ 
                          27.0      30.0      33.0      36.0 
 
Pooled StDev = 3.416 
 
 
Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of pH 
 
Individual confidence level = 98.00% 
 
 
pH = 7.6 subtracted from: 
 
pH    Lower  Center  Upper  -------+---------+---------+---------+-- 
7.8  -3.970   2.640  9.251           (------------*-------------) 
8.0  -1.582   2.085  5.752                (------*-------) 
                            -------+---------+---------+---------+-- 
                                -5.0       0.0       5.0      10.0 
 
pH = 7.8 subtracted from: 
 
pH    Lower  Center  Upper  -------+---------+---------+---------+-- 
8.0  -7.165  -0.555  6.055     (------------*------------) 
                            -------+---------+---------+---------+-- 
                                -5.0       0.0       5.0      10.0
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APPENDIX 7: 
GRAPHICAL SUMMARY OF GEOSTATISTICAL RESULTS FOR 
CARBONATE SEDIMENTS 
 
 
 
Figure 7A. Summary of Geostatistical Results for Carbonate Sediments. Includes a 
histogram of the frequency of different percentages of carbonate sediment 
(CRBNTPERC), a log-transformed normality plot, and a trend analysis showing a the 
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increased pattern of carbonate from north to south (blue curve) and the west to east 
accumulation on the shelf (red curve). 
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APPENDIX 8: 
GRAPHICAL SUMMARY OF GEOSTATISTICAL RESULTS FOR 
SATURATION STATE 
 
 
Figure 8A. Geostatistical Results for Saturation State (7.6). Includes histograms of the 
frequency of Ω values at pH 8.1, pH 7.8, and pH 7.6 (SS8_1, SS7_8, SS7_6). 
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Figure 8B. Geostatistical Results for Saturation State (7.8). 
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Figure 8C. Geostatistical Results for Saturation State (8.1).
 139 
 
 
 
 
 
 
APPENDIX 9: 
CONVERSIONS TO WEEKLY GROWTH 
Table 9A. Conversions to Weekly Growth. 
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Table 9B. Conversions to Weekly Growth (Formulas). 
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Table 10A. Calculation of Carbonate Production (I). 
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Table 10B. Calculation of Carbonate Production (II). 
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APPENDIX 11: 
 CALCULATIONS OF MEAN SIZE 
 
Table 11A. Calculations of Size. Average Diameter of Rotalid and Miliolid Foraminifers. 
Diameter is in μm and is approximately half of average genera reproductive size. 
Standard deviation is given parenthetically. 
Genus Order Typical Size (μm) Author 
Amphistegina Rotaliida 800 Hallock , 1981 
Heterostegina Rotaliida 1000 Hallock , 1981 
Baculogypsina Rotaliida 500 Hallock , 1981 
Calcarina Rotaliida 650 Hallock , 1981 
Archaias Miliolida 1100 Hallock et al., 1986 
Marginopora Miliolida 10000 Murray, 1991 
Amphisorus Miliolida 2000 Zohary et al., 1980 
Mean Size Rotaliida 738 (214)  
Mean Size Miliolida 4367 (4899)  
 
Assuming reproductive size occurs at one year, the reproductive size is twice the mean 
size in the table above: 
 
Rotalid: 1450 
Miliolid: 8700 
 
 
Growth to reproductive size therefore requires weekly growth of: 
 
Rotalid: 1450/52 = 27.9 = 30 μm 
Miliolid: 8700/52 = 167 = 170 μm 
 
Excluding Marginopora, which is unusually large, Miliolids are: 
 
Mean Size: 1550 (636) 
Reproductive Size: 3100 
Weekly growth to reproductive size: 3100/52 = 60 
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APPENDIX 12: 
 REGRESSION ANALYSIS (WID VS ORDER, PH, PCO2) 
 
 
Regression Analysis: Percent increase in diameter per week [Weekly Diameter (%)] 
versus Order of foraminifera (OrderN), culture pH (pH), and reported pCO2 level 
(pCO2). OrderN codes: 0 Rotaliida, 1 Miliolida. Histogram of residuals provided. 
 
Regression Analysis: Weekly Diameter (%) versus OrderN, pCO2, pH  
 
The regression equation is 
Weekly Diameter (%) = 1.03 + 0.0272 OrderN - 0.000076 pCO2 - 0.118 pH 
 
Predictor         Coef     SE Coef      T      P    VIF 
Constant        1.0286      0.4320   2.38  0.022 
OrderN        0.027240    0.009603   2.84  0.007  1.022 
pCO2       -0.00007578  0.00002604  -2.91  0.006  5.789 
pH            -0.11847     0.05246  -2.26  0.029  5.817 
 
S = 0.0331817   R-Sq = 26.1%   R-Sq(adj) = 21.1% 
 
 
Analysis of Variance 
 
Source          DF        SS        MS     F      P 
Regression       3  0.017461  0.005820  5.29  0.003 
Residual Error  45  0.049546  0.001101 
Total           48  0.067007 
 
 
Source  DF    Seq SS 
OrderN   1  0.007171 
pCO2     1  0.004675 
pH       1  0.005615 
 
 
Unusual Observations 
 
               Weekly 
             Diameter 
Obs  OrderN       (%)      Fit   SE Fit  Residual  St Resid 
  3    0.00   0.11500  0.04390  0.00751   0.07110      2.20R 
 
R denotes an observation with a large standardized residual. 
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Figure 12A. Weekly Diameter Residual Histogram. 
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APPENDIX 13: 
 EXPERIMENTAL DATA: WATER 
 
Table 13A. Tank water, pH 7.8. Units as shown, * indicates no data recorded. 
Date Day Tank T (°C) S (PSU) pHT AT – pre 
(μmol/kg) 
 
NaHCO3 
(mg) 
AT – post 
(μmol/kg) 
Notes 
5/9/2010 0 1 25.5 35.9 7.92 * * * Experimental 
5/9/2010 0 2 25.3 36.3 7.90 * * * Control 
5/9/2010 0 3 25.5 35.9 7.89 * * * Experimental 
5/9/2010 0 4 25.5 35.7 7.90 * * * Control 
5/9/2010 0 5 25.5 36.0 7.86 * * * Experimental 
5/9/2010 0 6 25.5 35.1 7.95 * * * Control 
5/11/2010 0 1 26.0 36.3 7.79 2225 0.00 2225  
5/11/2010 0 2 25.0 36.1 7.83 2195 0.00 2199  
5/11/2010 0 3 25.0 36.1 7.83 2217 0.00 2217  
5/11/2010 0 4 24.9 35.8 7.84 2268 0.00 2268  
5/11/2010 0 5 24.3 35.9 7.91 2238 0.00 2238  
5/11/2010 0 6 24.1 35.7 7.86 2236 0.00 2236  
5/14/2010 3 1 24.2 36.3 * 2001 0.20 2150 dup TA - post 2154 
5/14/2010 3 2 24.0 36.1 * 1950 0.20 2122  
5/14/2010 3 3 24.0 36.1 * 1928 0.30 2177  
5/14/2010 3 4 24.1 35.8 * 1818 0.40 2112  
5/14/2010 3 5 24.9 35.9 * 1815 0.40 2117  
5/14/2010 3 6 24.2 35.7 * 1925 0.30 2160  
5/17/2010 6 1 23.6 35.8 7.74 2113 0.27 2342 adjust TA to 2325 
5/17/2010 6 2 23.4 36.6 7.92 2096 0.29 2326 dup TA - post 2321, 
pH 7.92 
 
5/17/2010 6 3 23.7 35.7 7.72 2173 0.19 2331  
5/17/2010 6 4 24.1 35.7 7.90 2057 0.34 2281  
5/17/2010 6 5 24.0 36.4 7.86 2070 0.32 2299  
5/17/2010 6 6 23.5 37.2 7.92 2143 0.23 2295  
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Table 13A (Cont.) 
5/20/2010 9 1 24.1 35.6 7.81 2271 0.00 2271  
5/20/2010 9 2 23.6 36.1 7.94 2313 0.00 2313 dup pH 7.93 
5/20/2010 9 3 24.5 35.5 7.76 2313 0.00 2313  
5/20/2010 9 4 24.3 35.2 7.92 2278 0.10 2329  
5/20/2010 9 5 24.1 35.9 7.74 2267 0.00 2267  
5/20/2010 9 6 23.3 36.8 7.90 2270 0.00 2270  
5/22/2010 11 1 25.7 35.0 7.71 2052 0.34 2333  
5/22/2010 11 2 25.6 36.4 7.92 1638 0.86 2313  
5/22/2010 11 3 25.7 35.6 7.76 2006 0.40 2307 dup TA - post 2309, 
pH 7.76 
5/22/2010 11 4 25.6 35.4 7.87 1574 0.94 2306  
5/22/2010 11 5 25.7 36.1 7.81 1861 0.58 2305  
5/22/2010 11 6 24.7 37.0 7.91 1611 0.89 2308  
5/24/2010 13 1 26.0 35.5 7.79 2318 0.00 2316  
5/24/2010 13 2 26.4 37.4 8.02 2311 0.04 2324  
5/24/2010 13 3 25.3 35.9 7.79 2285 0.03 2309  
5/24/2010 13 4 25.7 35.6 8.02 2305 0.04 2312 dup TA - post 2311, 
pH 8.01 
5/24/2010 13 5 25.9 36.8 7.79 2286 0.05 2320  
5/24/2010 13 6 24.6 37.1 8.00 2288 0.02 2315  
5/29/2010 18 1 25.2 36.1 7.67 2517 0.00 2517  
5/29/2010 18 2 24.7 36.8 7.93 1764 1.00 2520  
5/29/2010 18 3 25.2 35.9 7.74 2168 0.00 2168  
5/29/2010 18 4 25.1 35.8 7.94 1743 1.00 2503  
5/29/2010 18 5 25.7 36.3 7.74 2181 0.00 2181  
5/29/2010 18 6 24.4 37.5 7.98 1803 1.00 2572  
6/2/2010 22 1 25.7 35.5 7.76 2495 0.00 2301  
6/2/2010 22 2 25.2 36.5 8.04 2322 0.00 2322  
6/2/2010 22 3 26.2 34.9 7.80 2132 0.24 2312  
6/2/2010 22 4 25.4 34.7 8.07 2197 0.16 2327  
6/2/2010 22 5 25.9 34.9 7.81 2172 0.19 2324 dup TA - post 2330, 
pH 7.81 
 
6/2/2010 22 6 24.3 37.4 8.03 2212 0.14 2319  
6/5/2010 25 1 26.4 35.5 7.77 2299 0.03 2312  
6/5/2010 25 2 25.2 34.9 7.97 2286 0.05 2315  
6/5/2010 25 3 25.7 34.4 7.84 2275 0.06 2305  
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Table 13A (Cont.) 
6/5/2010 25 4 25.1 34.9 8.01 2297 0.04 2320  
6/5/2010 25 5 25.7 35.5 7.80 2283 0.05 2316  
6/5/2010 25 6 23.7 35.1 7.96 2277 0.06 2324 dup TA - post 2323, 
pH 7.97 
6/7/2010 27 1 25.2 35.8 7.83 2123 0.25 2295  
6/7/2010 27 2 25.2 37.1 7.97 1740 0.73 2377  
6/7/2010 27 3 23.7 35.8 7.82 1914 0.51 2240  
6/7/2010 27 4 25.6 35.8 8.00 1672 0.82 2451  
6/7/2010 27 5 25.9 36.2 7.83 1899 0.53 2320  
6/7/2010 27 6 24.2 37.8 7.93 1728 0.75 2351 dup TA - post 2347, 
pH 7.93 
6/12/2010 32 1 25.4 36.2 7.63 2383 0.00 2329 dup TA - post 2333, 
pH 7.64 
6/12/2010 32 2 24.9 36.3 7.96 1950 0.47 2319  
6/12/2010 32 3 26.0 35.3 7.73 2366 0.00 2310  
6/12/2010 32 4 25.7 35.7 7.95 1958 0.46 2308  
6/12/2010 32 5 25.8 35.3 7.71 2252 0.09 2322  
6/12/2010 32 6 24.4 36.2 7.98 1956 0.46 2310  
6/15/2010 35 1 25.4 36.9 7.76 2319 0.01 2320  
6/15/2010 35 2 26.0 36.6 7.99 2288 0.05 2311 dup TA - post 2307, 
pH 7.99 
6/15/2010 35 3 25.7 35.3 7.75 2287 0.05 2328  
6/15/2010 35 4 25.7 35.7 8.03 2296 0.04 2325  
6/15/2010 35 5 25.1 35.9 7.72 2311 0.02 2314  
6/15/2010 35 6 25.2 36.3 8.00 2288 0.05 2315  
6/17/2010 37 1 25.8 36.2 7.78 2301 0.03 2324  
6/17/2010 37 2 25.6 37.0 7.98 2292 0.04 2304  
6/17/2010 37 3 26.5 35.8 7.80 2308 0.02 2319 dup TA - post 2316, 
pH 7.79 
6/17/2010 37 4 26.1 35.9 7.99 2286 0.05 2316  
6/17/2010 37 5 26.2 36.4 7.70 2291 0.04 2315  
6/17/2010 37 6 25.0 37.7 7.96 2304 0.03 2321  
6/22/2010 42 1 24.7 35.9 7.75 2015 0.39 2323  
6/22/2010 42 2 24.8 36.8 7.93 1836 0.61 2314  
6/22/2010 42 3 25.9 35.8 7.76 1957 0.46 2303  
6/22/2010 42 4 25.2 36.3 7.94 1836 0.61 2317 dup TA - post 2313, 
pH 7.94 
6/22/2010 42 5 25.7 35.8 7.81 1932 0.49 2321  
6/22/2010 42 6 24.0 36.8 7.91 1853 0.59 2314  
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6/25/2010 45 1 26.0 35.2 7.79 2317 0.01 2320  
6/25/2010 45 2 26.5 35.3 8.00 2274 0.06 2324  
6/25/2010 45 3 26.4 35.1 7.75 2287 0.05 2325  
6/25/2010 45 4 25.9 34.8 8.02 2312 0.02 2328  
6/25/2010 45 5 26.3 34.5 7.76 2283 0.05 2306 dup TA - post 2311, 
pH 7.76 
 
6/25/2010 45 6 26.2 35.0 7.99 2311 0.02 2316  
6/29/2010 49 1 26.1 36.8 7.83 2312 0.02 2324  
6/29/2010 49 2 26.0 35.8 8.00 2302 0.03 2318  
6/29/2010 49 3 27.3 35.8 7.71 2298 0.03 2308  
6/29/2010 49 4 26.6 35.5 7.99 2303 0.03 2307  
6/29/2010 49 5 27.0 35.7 7.77 2296 0.04 2304  
6/29/2010 49 6 25.4 35.3 7.99 2299 0.03 2309 dup TA - post 2305, 
pH 7.98 
 
7/2/2010 52 1 24.6 35.9 7.81 1808 0.65 2201 dup TA - post 2207, 
pH 7.81 
 
7/2/2010 52 2 24.3 35.9 7.94 1826 0.62 2235  
7/2/2010 52 3 25.1 35.4 7.76 1917 0.51 2295  
7/2/2010 52 4 24.4 35.8 7.96 2001 0.41 2201  
7/2/2010 52 5 24.5 35.3 7.82 1855 0.59 2275  
7/2/2010 52 6 23.3 36.0 7.94 1909 0.52 2300  
7/5/2010 55 1 24.2 36.0 7.92 2168 0.20 2301  
7/5/2010 55 2 24.3 36.1 8.04 2210 0.14 2306 dup TA - post 2308, 
pH 8.03 
 
7/5/2010 55 3 25.0 35.6 7.89 2253 0.09 2315  
7/5/2010 55 4 24.6 35.8 8.10 2174 0.19 2313  
7/5/2010 55 5 24.7 35.4 7.97 2239 0.11 2318  
7/5/2010 55 6 25.0 35.0 8.05 2276 0.06 2309  
7/9/2010 59 1 24.7 36.4 7.83 1980 0.43 2315  
7/9/2010 59 2 24.3 36.5 7.96 1955 0.46 2302  
7/9/2010 59 3 25.4 35.6 7.73 2252 0.09 2323 dup TA - post 2322, 
pH 7.73 
 
7/9/2010 59 4 25.3 35.9 8.01 1904 0.53 2308  
7/9/2010 59 5 25.8 35.3 7.80 2106 0.27 2313  
7/9/2010 59 6 24.3 36.4 7.99 1930 0.49 2320  
7/13/2010 63 1 23.7 36.2 7.81 2281 0.06 2326  
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7/13/2010 63 2 23.9 37.1 8.07 2286 0.05 2319  
7/13/2010 63 3 24.7 35.8 7.74 2307 0.02 2316  
7/13/2010 63 4 24.4 36.1 8.02 2249 0.10 2324 dup TA - post 2325, 
pH 8.03 
 
7/13/2010 63 5 24.8 35.4 7.77 2299 0.03 2317  
7/13/2010 63 6 23.3 36.6 7.98 2296 0.04 2321  
7/15/2010 65 1 24.9 36.4 7.79 2104 0.28 2337  
7/15/2010 65 2 24.4 37.4 8.00 2013 0.39 2324  
7/15/2010 65 3 25.4 35.6 7.73 2206 0.15 2325  
7/15/2010 65 4 24.8 36.2 8.00 2008 0.40 2317  
7/15/2010 65 5 25.2 35.4 7.82 2084 0.30 2315 dup TA - post 2311, 
pH 7.82 
 
7/15/2010 65 6 23.7 36.6 8.01 2014 0.39 2319  
7/19/2010 69 1 25.6 35.2 7.83 2330 0.00 2305  
7/19/2010 69 2 25.8 35.7 7.97 2280 0.06 2318  
7/19/2010 69 3 25.6 35.2 7.73 2317 0.01 2305  
7/19/2010 69 4 25.2 35.9 7.97 2274 0.06 2316  
7/19/2010 69 5 25.7 35.8 7.78 2257 0.09 2329  
7/19/2010 69 6 26.0 35.1 8.00 2266 0.07 2302 dup TA - post 2305, 
pH 7.99 
 
7/22/2010 72 1 25.5 34.9 7.84 2297 0.00 2297 end experiment 
7/22/2010 72 2 25.7 35.6 8.01 2291 0.00 2291  
7/22/2010 72 3 25.7 35.4 7.79 2291 0.00 2291  
7/22/2010 72 4 25.9 35.0 8.00 2310 0.00 2310  
7/22/2010 72 5 25.3 35.3 7.82 2309 0.00 2309  
7/22/2010 72 6 25.4 35.6 8.01 2269 0.00 2269  
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Table 13B. Tank water, pH 7.6. Units as shown, * indicates no data recorded. 
Date Day Tank T (°C) S 
(PSU) 
pHT AT – pre 
(μmol/kg) 
 
NaHCO3 
(mg) 
AT – post 
(μmol/kg) 
Notes 
3/20/2011 0 1 23.4 32.6 7.59 2222 0.13 2324  
3/20/2011 0 2 23.4 32.5 8.04 2268 0.07 2302  
3/20/2011 0 3 23.5 32.8 7.65 2230 0.12 2298  
3/20/2011 0 4 23.4 32.4 7.95 2219 0.13 2306  
3/20/2011 0 5 23.5 32.2 7.60 2212 0.14 2286  
3/20/2011 0 6 23.6 32.7 7.98 2232 0.12 2308  
4/11/2011 0 1 24.1 32.5 7.54 1995 0.41 2337  
4/11/2011 0 2 23.7 31.6 7.95 2189 0.17 2326  
4/11/2011 0 3 23.9 32.4 7.57 1952 0.47 2321  
4/11/2011 0 4 23.7 31.6 7.94 2243 0.10 2312  
4/11/2011 0 5 24.1 31.6 7.57 2133 0.24 2303  
4/11/2011 0 6 23.9 31.9 7.98 2033 0.37 2299  
4/14/2011 0 1 23.5 31.9 7.61 2296 0.04 2309  
4/14/2011 0 2 23.8 31.4 8.04 2302 0.03 2300  
4/14/2011 0 3 24.2 31.5 7.54 2283 0.05 2305  
4/14/2011 0 4 23.8 31.3 8.00 2308 0.02 2306  
4/14/2011 0 5 23.7 31.5 7.59 2270 0.07 2318  
4/14/2011 0 6 24.0 31.6 8.02 2249 0.10 2324  
4/18/2011 4 1 23.7 31.9 7.58 2235 0.11 2319  
4/18/2011 4 2 23.7 30.8 8.01 2250 0.09 2338  
4/18/2011 4 3 23.6 31.4 7.61 2261 0.08 2308  
4/18/2011 4 4 23.5 30.7 7.95 2123 0.25 2308  
4/18/2011 4 5 23.6 31.4 7.57 2293 0.04 2296  
4/18/2011 4 6 23.6 30.8 7.94 2214 0.14 2299  
4/25/2011 11 1 23.8 32.1 7.55 2227 0.12 2319  
4/25/2011 11 2 23.5 32.2 8.04 2261 0.08 2296  
4/25/2011 11 3 23.9 31.8 7.64 2221 0.13 2321  
4/25/2011 11 4 23.5 32.1 8.05 2280 0.06 2338  
4/25/2011 11 5 24.0 32.2 7.63 2270 0.07 2299  
4/25/2011 11 6 24.1 31.5 7.87 2184 0.18 2294  
5/2/2011 18 1 24.0 32.6 7.60 2184 0.18 2304  
5/2/2011 18 2 23.7 32.6 8.01 2149 0.22 2318  
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5/2/2011 18 3 23.8 32.4 7.65 2309 0.02 2339  
5/2/2011 18 4 23.8 32.1 8.04 2251 0.09 2294  
5/2/2011 18 5 24.3 32.6 7.73 2189 0.17 2304  
5/2/2011 18 6 23.9 31.9 7.95 2222 0.13 2313  
5/9/2011 25 1 23.9 31.4 7.69 2288 0.05 2297  
5/9/2011 25 2 24.1 32.6 8.01 2226 0.12 2305  
5/9/2011 25 3 24.1 32.3 7.56 2292 0.04 2323  
5/9/2011 25 4 23.8 31.6 8.01 2252 0.09 2331  
5/9/2011 25 5 24.1 32.4 7.56 2177 0.19 2328  
5/9/2011 25 6 23.8 31.5 8.13 2295 0.04 2305  
5/11/2011 27 1 23.8 31.8 7.61 2288 0.05 2316  
5/11/2011 27 2 24.0 33.0 8.04 2302 0.03 2334  
5/11/2011 27 3 24.1 32.5 7.63 2299 0.03 2300  
5/11/2011 27 4 23.7 31.8 8.01 2322 0.00 2292  
5/11/2011 27 5 24.0 32.4 7.57 2294 0.04 2307  
5/11/2011 27 6 24.2 32.0 7.95 2297 0.04 2303  
5/16/2011 32 1 23.8 31.5 7.59 2259 0.08 2305  
5/16/2011 32 2 23.7 32.9 8.00 2262 0.08 2325  
5/16/2011 32 3 24.1 32.5 7.62 2235 0.11 2326  
5/16/2011 32 4 23.9 31.3 7.99 2234 0.11 2294  
5/16/2011 32 5 23.9 32.4 7.65 2230 0.12 2334  
5/16/2011 32 6 24.2 31.5 8.01 2266 0.07 2330  
5/20/2011 36 1 24.2 31.6 7.60 2264 0.08 2305  
5/20/2011 36 2 24.2 32.9 7.98 2278 0.06 2317  
5/20/2011 36 3 24.3 33.1 7.57 2321 0.01 2331  
5/20/2011 36 4 24.1 31.7 8.03 2278 0.06 2299  
5/20/2011 36 5 24.2 32.5 7.62 2310 0.02 2328  
5/20/2011 36 6 24.4 32.1 8.01 2317 0.01 2337  
5/27/2011 43 1 24.2 31.2 7.69 2280 0.00 2280  
5/27/2011 43 2 24.4 32.3 8.02 2252 0.00 2252  
5/27/2011 43 3 24.5 33.0 7.65 2331 0.00 2331  
5/27/2011 43 4 24.4 31.3 8.03 2241 0.00 2241  
5/27/2011 43 5 24.3 32.2 7.64 2194 0.00 2194  
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5/27/2011 43 6 24.4 31.5 8.03 2240 0.00 2240  
3/20/2011 0 1 23.4 32.6 7.59 2222 0.13 2324  
3/20/2011 0 2 23.4 32.5 8.04 2268 0.07 2302  
3/20/2011 0 3 23.5 32.8 7.65 2230 0.12 2298  
3/20/2011 0 4 23.4 32.4 7.95 2219 0.13 2306  
3/20/2011 0 5 23.5 32.2 7.60 2212 0.14 2286  
3/20/2011 0 6 23.6 32.7 7.98 2232 0.12 2308  
4/11/2011 0 1 24.1 32.5 7.54 1995 0.41 2337  
4/11/2011 0 2 23.7 31.6 7.95 2189 0.17 2326  
4/11/2011 0 3 23.9 32.4 7.57 1952 0.47 2321  
4/11/2011 0 4 23.7 31.6 7.94 2243 0.10 2312  
4/11/2011 0 5 24.1 31.6 7.57 2133 0.24 2303  
4/11/2011 0 6 23.9 31.9 7.98 2033 0.37 2299  
4/14/2011 0 1 23.5 31.9 7.61 2296 0.04 2309  
4/14/2011 0 2 23.8 31.4 8.04 2302 0.03 2300  
4/14/2011 0 3 24.2 31.5 7.54 2283 0.05 2305  
4/14/2011 0 4 23.8 31.3 8.00 2308 0.02 2306  
4/14/2011 0 5 23.7 31.5 7.59 2270 0.07 2318  
4/14/2011 0 6 24.0 31.6 8.02 2249 0.10 2324  
4/18/2011 4 1 23.7 31.9 7.58 2235 0.11 2319  
4/18/2011 4 2 23.7 30.8 8.01 2250 0.09 2338  
4/18/2011 4 3 23.6 31.4 7.61 2261 0.08 2308  
4/18/2011 4 4 23.5 30.7 7.95 2123 0.25 2308  
4/18/2011 4 5 23.6 31.4 7.57 2293 0.04 2296  
4/18/2011 4 6 23.6 30.8 7.94 2214 0.14 2299  
4/25/2011 11 1 23.8 32.1 7.55 2227 0.12 2319  
4/25/2011 11 2 23.5 32.2 8.04 2261 0.08 2296  
4/25/2011 11 3 23.9 31.8 7.64 2221 0.13 2321  
4/25/2011 11 4 23.5 32.1 8.05 2280 0.06 2338  
4/25/2011 11 5 24.0 32.2 7.63 2270 0.07 2299  
4/25/2011 11 6 24.1 31.5 7.87 2184 0.18 2294  
5/2/2011 18 1 24.0 32.6 7.60 2184 0.18 2304  
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5/2/2011 18 2 23.7 32.6 8.01 2149 0.22 2318  
5/2/2011 18 3 23.8 32.4 7.65 2309 0.02 2339  
5/2/2011 18 4 23.8 32.1 8.04 2251 0.09 2294  
5/2/2011 18 5 24.3 32.6 7.73 2189 0.17 2304  
5/2/2011 18 6 23.9 31.9 7.95 2222 0.13 2313  
5/9/2011 25 1 23.9 31.4 7.69 2288 0.05 2297  
5/9/2011 25 2 24.1 32.6 8.01 2226 0.12 2305  
5/9/2011 25 3 24.1 32.3 7.56 2292 0.04 2323  
5/9/2011 25 4 23.8 31.6 8.01 2252 0.09 2331  
5/9/2011 25 5 24.1 32.4 7.56 2177 0.19 2328  
5/9/2011 25 6 23.8 31.5 8.13 2295 0.04 2305  
5/11/2011 27 1 23.8 31.8 7.61 2288 0.05 2316  
5/11/2011 27 2 24.0 33.0 8.04 2302 0.03 2334  
5/11/2011 27 3 24.1 32.5 7.63 2299 0.03 2300  
5/11/2011 27 4 23.7 31.8 8.01 2322 0.00 2292  
5/11/2011 27 5 24.0 32.4 7.57 2294 0.04 2307  
5/11/2011 27 6 24.2 32.0 7.95 2297 0.04 2303  
5/16/2011 32 1 23.8 31.5 7.59 2259 0.08 2305  
5/16/2011 32 2 23.7 32.9 8.00 2262 0.08 2325  
5/16/2011 32 3 24.1 32.5 7.62 2235 0.11 2326  
5/16/2011 32 4 23.9 31.3 7.99 2234 0.11 2294  
5/16/2011 32 5 23.9 32.4 7.65 2230 0.12 2334  
5/16/2011 32 6 24.2 31.5 8.01 2266 0.07 2330  
5/20/2011 36 1 24.2 31.6 7.60 2264 0.08 2305  
5/20/2011 36 2 24.2 32.9 7.98 2278 0.06 2317  
5/20/2011 36 3 24.3 33.1 7.57 2321 0.01 2331  
5/20/2011 36 4 24.1 31.7 8.03 2278 0.06 2299  
5/20/2011 36 5 24.2 32.5 7.62 2310 0.02 2328  
5/20/2011 36 6 24.4 32.1 8.01 2317 0.01 2337  
5/27/2011 43 1 24.2 31.2 7.69 2280 0.00 2280  
5/27/2011 43 2 24.4 32.3 8.02 2252 0.00 2252  
5/27/2011 43 3 24.5 33.0 7.65 2331 0.00 2331  
5/27/2011 43 4 24.4 31.3 8.03 2241 0.00 2241  
5/27/2011 43 5 24.3 32.2 7.64 2194 0.00 2194  
5/27/2011 43 6 24.4 31.5 8.03 2240 0.00 2240  
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APPENDIX 14: 
 EXPERIMENTAL DATA: ARCHAIAS ANGULATUS 
 
Table 14A. Summary of Archaias angulatus size measurements. “Pre” refers to 
measurements of diameter and standard deviation (SD) before the experiment; “Post” 
refers to post-experiment measurements. “Count” is the number of specimens per bag. 
Bag Tank Treatment 
pH 
Weeks Days Diameter 
(Pre) (μm) 
 
SD D 
(Pre) 
(μm) 
Diameter 
(Post) 
(μm) 
SD D 
(Post) 
(μm) 
Count 
4 3 7.8 4 28 1438.219 791.4308 1527.395 795.0766 20 
11 3 7.8 6 42 930.3329 432.9562 1006.592 463.8863 20 
18 3 7.8 6 42 1210.382 522.5797 1309.534 531.9187 20 
27 1 7.8 2 14 1229.369 630.8173 1296.33 640.1523 20 
29 5 7.8 2 14 1441.355 739.7599 1505.807 621.0729 40 
30 3 7.8 2 14 1218.42 473.9108 1331.368 478.1875 20 
143 3 7.6 2 14 1903.743 634.6313 2016.809 636.2513 22 
144 4 8 6 42 1589.079 394.5704 1710.579 335.4263 20 
145 1 7.6 4 28 1692.818 597.016 1771.771 608.8067 23 
146 5 7.6 4 28 1486.54 613.2242 1580.59 610.7754 26 
147 6 8 2 14 1050.751 353.6016 1201.826 382.342 22 
149 6 8 6 42 1395.155 602.5557 1641.092 671.5664 21 
150 4 8 2 14 1481.893 699.4762 1581.623 653.213 22 
151 1 7.6 2 14 1495.318 603.3281 1542.944 620.9582 21 
153 2 8 2 14 1337.222 733.007 1467.008 749.9575 20 
154 5 7.6 4 28 1227.769 611.3189 1301.997 608.8565 21 
157 6 8 4 28 1535.331 546.9977 1759.502 655.0185 23 
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158 2 8 4 28 1555.251 697.789 1705.895 660.9874 21 
160 1 7.6 2 14 1470.05 661.1354 1488.914 672.5252 21 
161 4 8 4 28 1264.442 762.8948 1403.254 684.24 24 
162 1 7.6 6 42 1167.254 594.8716 1241.721 625.5819 20 
163 1 7.6 4 28 1441.056 490.1022 1452.486 548.1111 21 
166 4 8 2 14 1842.115 783.9032 1957.405 832.5994 21 
167 6 8 2 14 1800.751 670.5956 1877.145 646.4214 22 
168 5 7.6 2 14 1586.997 487.1197 1641.872 506.4245 20 
171 5 7.6 2 14 1703.008 568.3221 1719.449 593.7005 22 
173 3 7.6 4 28 1489.868 738.7228 1582.471 724.0395 22 
174 3 7.6 2 14 1375.354 609.4418 1442.813 601.9497 22 
175 4 8 4 28 1613.696 822.7889 1717.704 818.6319 20 
176 6 8 4 28 1299.174 638.4822 1451.282 587.4678 23 
178 2 8 6 42 1146.632 571.8892 1265.054 643.874 21 
179 6 8 6 42 1472.117 724.2668 1556.936 706.546 22 
180 4 8 6 42 1623.443 667.3107 1748.784 650.1032 26 
181 2 8 4 28 1377.26 646.734 1521.698 641.9326 25 
183 5 7.6 6 42 1653.85 689.2001 1811.886 661.9229 22 
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Figure 14A. Representative Photo of Pre-Treatment Archaias angulatus. Bag 153. 
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Figure 14B. Representative Photo of Post-Treatment Archaias angulatus. Bag 153. 
 
 160 
 
 
 
 
 
 
APPENDIX 15: 
 EXPERIMENTAL DATA: AMPHISTEGINA GIBBOSA 
 
Table 15A. Summary of Amphistegina gibbosa size measurements. “Pre” refers to 
measurements of diameter and standard deviation (SD) before the experiment; “Post” 
refers to post-experiment measurements. “Count” is the number of specimens per bag. 
Bag Tank Treatment 
pH 
Weeks Days Diameter 
(Pre) (μm) 
 
SD D 
(Pre) (μm) 
Diameter 
(Post) 
(μm) 
 
SD D 
(Post) 
(μm) 
Count 
54 4 8 4 28 689.81763 223.61818 766.96013 220.80515 23 
59 5 7.8 4 28 780.4003 257.7424 923.34965 235.1492 26 
77 1 7.8 2 14 732.17654 219.20537 768.01894 230.24552 34 
78 2 8 2 14 679.88986 237.53286 709.29872 232.89874 39 
80 6 8 2 14 833.86676 213.75731 861.51654 235.97081 35 
106 2 8 2 18 1037.5625 220.25896 1249.0304 182.72221 21 
111 2 8 2 18 1080.5712 159.57435 1334.4926 180.29801 20 
115 1 7.6 2 18 964.41331 213.19621 1133.955 214.03129 22 
119 4 8 4 32 688.46538 199.12781 960.0446 261.96502 20 
124 3 7.6 2 18 907.8897 218.34978 1104.6768 229.81588 22 
134 1 7.6 4 32 808.00554 289.18676 1072.9508 281.8082 20 
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Figure 15A. Representative Photo of Pre-Treatment Amphistegina gibbosa. Bag 111. 
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Figure 15A. Representative Photo of Post-Treatment Amphistegina gibbosa. Bag 111 
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APPENDIX 16: 
 EXPERIMENTAL DATA: GEOCHEMICAL DATA 
 
Table 16A. Archaias angulatus, Isotope Data. 
pH Tank Days Weeks δ13C 
(PDB) 
δ18O 
(PDB) 
Sample Weight Weight 
(after) 
Bag 
7.6 1 43 6 1.595 1.170 A2 1.2162 1.2136 170 
7.6 1 43 6 1.609 1.306 A3 0.7832 0.7707 170 
7.6 3 43 6 0.727 1.145 B3 1.1691 1.1569 155 
7.6 3 43 6 1.417 0.848 B4 0.4636 0.4601 155 
7.6 3 43 6 1.612 1.257 C1 1.0177 1.0122 155 
7.6 5 43 6 1.347 0.775 D1 1.8752 1.8727 183 
7.6 5 43 6 1.737 0.644 D2 1.1874 1.1843 183 
7.6 5 43 6 1.968 1.222 D3 0.2529 0.2528 183 
8.0 2 43 6 1.402 1.137 B1 0.8084 0.8059 152 
8.0 2 43 6 1.396 1.828 B2 1.1282 1.1194 152 
8.0 4 43 6 1.399 1.220 C2 0.8044 0.8006 180 
8.0 4 43 6 1.313 -0.838 C3 1.2249 1.2231 180 
8.0 4 43 6 2.219 -0.406 C4 1.3059 1.3036 180 
8.0 6 43 6 1.451 0.996 D4 0.6419 0.6416 149 
8.0 6 43 6 0.823 0.007 E1 0.9472 0.9430 149 
8.0 6 43 6 2.060 0.908 E2 0.7927 0.7937 149 
8.1 0 0 0 1.739 -0.162 E3 0.8141 0.8068 182 
8.1 0 0 0 2.063 0.811 E4 0.9922 0.9545 182 
8.1 0 0 0 1.365 -0.161 F3 0.5516 0.5419 182 
8.1 0 0 0 1.245 0.899 F4 1.4109 1.3771 182 
8.1 0 0 0 2.142 -0.540 j   21 
7.6 1 43 6 1.318 0.078    162 
7.6 1 43 6 2.075 0.555    162 
7.6 1 43 6 1.881 0.394    162 
7.6 1 43 6 1.361 -0.121    162 
8.1 0 0 0 2.066 -0.073    28 
8.1 0 0 0 2.084 -0.271    28 
8.0 6 43 6 2.251 0.058    179 
8.0 6 43 6 1.333 0.845    179 
8.0 6 43 6 1.636 0.759    179 
8.0 5 43 6 2.215 0.597    183 
8.0 5 43 6 1.871 0.650    183 
8.0 5 43 6 1.805 0.585    183 
8.0 2 43 6 1.553 0.144    178 
8.0 2 43 6 1.014 0.456    178 
8.0 2 43 6 1.030 0.324    178 
8.0 2 43 6 1.119 0.431    178 
7.6 3 43 6 0.630 0.229    159 
7.6 3 43 6 1.474 0.559    159 
7.6 3 43 6 1.371 0.695    159 
8.0 4 43 6 1.429 0.681    180 
8.0 4 43 6 3.008 -0.589    180 
8.0 4 43 6 1.405 0.470    180 
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Table 16B. Archaias angulatus, Mg/Ca Data. 
id short pHAll weight mg/ca sr/ca 
AA-159 #1 aa76 7.6 1.172 138.324 0.223152 
AA-159 #2 aa76 7.6 2.573 120.690 0.247155 
AA-159 #3 aa76 7.6 0.849 121.035 0.246317 
AA-159 #5 aa76 7.6 0.843 135.819 0.232036 
AA-159 #6 aa76 7.6 1.077 127.092 0.250318 
AA-159 #7 aa76 7.6 0.506 123.363 0.234609 
AA-159 #8 aa76 7.6 0.653 132.176 0.237076 
AA-159 #9 aa76 7.6 0.391 135.464 0.237743 
AA-159 #10 aa76 7.6 0.911 132.009 0.23076 
AA-159 #11 aa76 7.6 0.295 144.687 0.218056 
AA-159 #12 aa76 7.6 0.647 134.335 0.231816 
AA-180 #13 aa80 8 0.555 129.521 0.23445 
AA-180 #14 aa80 8 1.488 120.357 0.245956 
AA-180 #15 aa80 8 0.985 115.803 0.252964 
AA-180 #16 aa80 8 0.805 122.002 0.255524 
AA-180 #17 aa80 8 0.731 127.858 0.233197 
AA-180 #18 aa80 8 0.374 131.588 0.230914 
AA-180 #19 aa80 8 2.301 124.840 0.240019 
AA-180 #20 aa80 8 0.752 129.254 0.245354 
AA-180 #21 aa80 8 0.826 123.172 0.245956 
AA-180 #22 aa80 8 0.431 131.613 0.236161 
AA-180 #24 aa80 8 0.357 123.499 0.246974 
AA-169 #25 aa81 8.1 1.341 130.228 0.234025 
AA-169 #26 aa81 8.1 1.444 121.445 0.244672 
AA-169 #27 aa81 8.1 0.801 133.607 0.23217 
AA-169 #28 aa81 8.1 0.764 122.086 0.253347 
AA-169 #29 aa81 8.1 0.493 127.012 0.242557 
AA-169 #30 aa81 8.1 0.687 119.711 0.248115 
AA-169 #31 aa81 8.1 0.674 126.524 0.234558 
AA-169 #32 aa81 8.1 0.425 129.203 0.242608 
AA-169 #33 aa81 8.1 0.928 132.210 0.238718 
AA-169 #34 aa81 8.1 2.539 121.915 0.248573 
AA-169 #35 aa81 8.1 1.117 127.775 0.248009 
AA-169 #36 aa81 8.1 0.916 129.255 0.232787 
AA 9 #74 aa78 7.8 0.183 128.098 0.246152 
AA 9 #75 aa78 7.8 0.275 130.904 0.247087 
AA 9 #76 aa78 7.8 0.554 134.050 0.248971 
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Table 16C. Amphistegina gibbosa, Isotope Data.  
pH Tank δ13C PDB δ18O PDB 
7.600 1 -1.603 -0.072 
7.600 1 -1.757 -0.021 
7.600 3 -1.033 -0.039 
7.600 3 -1.553 -0.651 
7.600 3 -1.269 -0.114 
7.600 5 -1.531 -1.477 
7.600 5 -1.304 -0.742 
7.600 5 -1.323 -0.267 
8.000 2 -2.554 -0.325 
8.000 2 -1.745 -0.660 
8.000 2 -1.941 -0.557 
8.000 4 -1.658 0.028 
8.000 4 -0.668 -0.590 
8.000 4 -1.292 0.080 
8.000 6 -1.077 -0.671 
8.000 6 -1.052 -0.479 
8.000 6 -0.546 -1.381 
8.100 0 -1.009 -0.371 
8.100 0 -1.045 0.059 
8.100 0 -0.951 -0.465 
8.100 0 -0.760 -1.565 
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Table 16D. Amphistegina gibbosa, Mg/Ca Data. 
Sample ID species tank pH duration weeks weight 
(mg) 
Schrag 
Mg/Ca 
(mMol/Mol) 
 
AG68 #61 ag 4 8 41 6 0.723 28.11619 
AG68 #62 ag 4 8 41 6 0.173 28.60431 
AG68 #63 ag 4 8 41 6 0.255 35.17906 
AG68 #64 ag 4 8 41 6 0.539 29.11754 
AG68 #65 ag 4 8 41 6 0.441 23.72427 
AG68 #66 ag 4 8 41 6 0.673 37.67416 
AG68 #67 ag 4 8 41 6 0.3824 31.40919 
AG68 #68 ag 4 8 41 6 0.391 31.74421 
AG68 #69 ag 4 8 41 6 0.505 30.14477 
AG68 #70 ag 4 8 41 6 0.342 32.14069 
AG68 #71 ag 4 8 41 6 0.124 28.95707 
AG-104 #37 ag 3 7.6 43 6 0.612 30.46001 
AG-104 #39 ag 3 7.6 43 6 0.539 23.00173 
AG-104 #40 ag 3 7.6 43 6 0.609 28.5696 
AG-104 #41 ag 3 7.6 43 6 0.659 34.05648 
AG-104 #42 ag 3 7.6 43 6 0.461 29.9519 
AG-104 #43 ag 3 7.6 43 6 0.528 25.90275 
AG-104 #44 ag 3 7.6 43 6 0.469 30.24155 
AG-104 #45 ag 3 7.6 43 6 0.478 25.17883 
AG-104 #46 ag 3 7.6 43 6 0.913 30.30198 
AG-104 #47 ag 3 7.6 43 6 0.297 30.49603 
AG-104 #48 ag 3 7.6 43 6 0.248 25.71358 
AG 74 #77 ag 3 7.8 41 6 0.21 32.64635 
AG 74 #78 ag 3 7.8 41 6 0.637 29.70223 
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